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Patron’s  Address 


It  is  my  great  pleasure  to  greet  the  parti¬ 
cipants  of  the  15th  Wroclaw  Symposium 
on  Electromagnetic  Compatibility  which 
takes  place  on  the  verge  of  the  new  mil¬ 
lennium. 

The  coming  age  will  be,  do  we  want  it  or  not,  the  age  of  Information  Society  for 
which  the  converging  telecommunication,  computing,  and  media  are  the  corner¬ 
stones.  Their  proper  and  fast  development  is  a  prerequisite  for  the  society’s  pro¬ 
gress  and  welfare. 

This  development  depends  on  favourable  regulatory  environment  but  to  a  great 
extent  also  on  your  ability  to  solve  the  growing  EMC  problems  stemming  from  the 
convergence  process,  and  from  the  ever-growing  demand  for  new  services  and 
systems. 

I  sincerely  appreciate  your  efforts  to  make  all  the  elements  compatible,  and  I  wish 
you  success  in  finding  the  most  effective  solutions. 


Tomasz  Szyszko 

Minister  of  Posts  and  Telecommunications 
of  the  Republic  of  Poland 
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CHAIRMAN'S 

MESSAGE 


Ladies  and  Gentlemen,  dear  Guest  and  Friends, 


I  have  the  honour  to  welcome  you  cordially  to  the  15th  International  Wroclaw 
Symposium  and  Exhibition  on  Electromagnetic  Compatibility  being  held  in  the 
Jubilee  Year  2000.  As  our  electromagnetic  environment  keeps  growing  and 
becomes  more  complex,  EMC  is  becoming  more  and  more  essential  for  the  whole 
society.  The  future  of  our  technical  civilization  depends  on  the  ability  of  solving 
growing  EMC  problems. 

The  well  reputed  position  of  the  Wroclaw  EMC  Symposium  is  to  a  great  extent  the 
merit  of  numerous  individuals  around  the  world,  and  of  many  international 
organizations  and  associations  of  electrical  and  electronic  engineers  from  many 
countries.  They  are  quoted  in  these  Proceedings,  and  we  extend  our  gratitude  to 
all  of  them.  We  owe  our  reputation  also  to  the  Scientific  Program  Committee  with 
Professor  Frans  Louis  Stumpers,  Member  of  the  Royal  Netherlands  Academy  of 
Arts  and  Sciences,  and  Doctor  Honoris  Causa  of  the  Wroclaw  University  of 
Technology,  who  chaired  it  successfully  for  many  years  and  now  is  the  Honorary 
Chairman,  and  to  Professor  Ryszard  Struzak  -  its  present  Chairman.  Professor 
Struzak  was  the  Chairman  of  the  Wroclaw  EMC  Symposium  in  the  years  1980  - 
1984.  I  would  like  also  to  bring  out  the  role  of  the  Symposium  Council  with  its 
Chairman  Professor  Wladyslaw  Majewski.  The  international  flavour  of  the 
Symposium  has  been  gained  with  the  support  offered  by  the  International  Union 
of  Radio  Science  URSI.  The  auspices  granted  by  the  Committee  of  Electronics 
and  Telecommunications  of  the  Polish  Academy  of  Sciences  add  to  the  scientific 
atmosphere  of  the  event. 

The  Symposium  would  not  be  possible  without  the  authors  of  the  papers 
presented  here  who  always  play  the  most  important  role  in  such  events,  and  I 
should  specially  mention  the  eminent  specialists  who  have  organized  and  chair 


the  invited  sessions.  Thank  them  all  very  much  indeed  for  their  contribution  to  the 
success  of  the  Symposium. 

The  Symposium  owes  very  much  to  the  eminent  patronage  of  Mr.  Tomasz 
Szyszko,  the  Minister  of  Posts  and  Telecommunications  of  the  Republic  of 
Poland,  and  his  kind  personal  support.  From  the  very  beginning  the  Symposium 
has  enjoyed  the  patronage  of  the  consecutive  Ministers  of  Posts  and 
Telecommunications,  and  this  tradition  is  most  valuable  for  us. 

We  are  very  grateful  to  our  sponsors  who  are  quoted  in  these  Proceedings.  Their 
financial  support  helped  greatly  to  organize  the  Symposium. 

The  objective  of  the  Symposium  is  to  bring  together  engineers  and  scientists  who 
are  interested  in  a  better  understanding  of  electromagnetic  phenomena,  and  their 
influences  on  technical  and  biological  systems.  Our  purpose  in  doing  so  is  to 
become  better  mutually  informed  about  our  current  work,  to  appraise  the  status  of 
the  field,  to  stimulate  the  future  work,  and,  of  course,  to  become  better  acquainted 
with  each  other. 

It  is  up  to  you  to  decide  to  what  extent  this  event  and  the  information  presented, 
will  contribute  to  those  aims. 

Most  of  the  preparation  work  we  owe,  traditionally,  to  Mr.  Wtadystaw  Moron,  the 
Organizing  Chairman,  and  to  all  the  members  of  the  Organizing  Committee.  Their 
endless  efforts  to  make  the  Symposium  a  scientific  and  organizational  successes, 
are  appreciated. 

1  hope  that  the  15th  Wroclaw  EMC  Symposium  will  mark  a  new  important  step  in 
promoting  the  development  of  EMC  technology.  I  wish  all  the  participants  fruitful 
discussions  and  pleasant  stay  in  beautiful  Wroclaw. 


Prof.  DanielJdzef Bern 
Symposium  Chairman 


Welcome  to  EMC  Wroclaw  2000 


Almost  thirty  years  ago,  a  few  enthusiasts  from  the  Wroclaw  University  of 
Technology  and  from  the  National  Institute  of  Telecommunications  (Wroclaw 
Branch)  decided  to  organize  a  conference  on  electromagnetic  compatibility 
(EMC),  and  the  Wroclaw  Symposium  on  EMC  was  born  in  1 972. 

At  that  time,  the  concept  of  electromagnetic  compatibility  was  already  established 
in  the  United  States,  and  EMC  conferences  were  regularly  being  held  there,  but  in 
Europe,  divided  by  the  cold-war  iron  curtain,  there  was  no  such  event  organized 
on  a  regular  basis.  Starting,  we  did  not  know  whether  we  would  have  any  support 
but  the  Idea  found  wide  appreciation,  creating  an  international  fraternity  interested 
in  the  development  of  art  and  science  of  EMC. 

At  the  beginning,  the  majority  of  participants  came  from  Central  and  Eastern 
Europe,  and  the  symposium  proceedings  were  a  chronicle  of  major  achievements 
in  EMC  field  in  that  region,  but  that  pattern  has  changed  with  time.  Every  two 
years,  Wroclaw  has  been  gathering  a  number  of  individuals  from  around  the  world 
involved  in  research  of  electromagnetic  interactions  among  natural  and  man¬ 
made  systems.  Thus,  the  Wroclaw  Symposium  proved  to  be  the  oldest  regular 
European  Conference  in  its  field,  with  the  Proceedings  totalling  more  than  lO'OOO 
pages  published  until  now. 

During  these  years,  we  always  tried  to  bring  together  individuals  interested  in 
various  aspects  of  EMC,  theory  and  practical  applications,  to  enable  their 
interaction,  in  the  belief  that  new  bright  ideas  often  sparkle  on  the  borders  of 
different  fields  of  activity. 

As  a  result,  Wroclaw  became  a  meeting  place  of  people  involved  in  research  of 
earth  natural  electromagnetic  (EM)  phenomena:  people  working  in  spectrum 


engineering,  management  and  monitoring;  radioastronomers  fighting  for  a  clear 
spectrum  for  their  observations  people  involved  in  the  EMC  measurements: 
people  working  in  radio  wave  propagation  and  antenna  theory;  people  involved  in 
technical  side  of  research  of  biological  hazards  of  EM  radiation;  and  people 
interested  in  counteracting  the  EM  terrorism.  Looking  at  the  continuing  interest 
evidenced  by  a  wide  participation,  we  believe  that  this  approach  has  been 
welcomed  by  all. 

The  International  Wroclaw  Symposium  on  Electromagnetic  Compatibility  is  a 
cooperative  not-for-profit  project  that  would  not  be  possible  without  the  support  of 
numerous  individuals  and  organizations.  Having  the  privilege  to  be  among  the 
symposium  founders,  we  would  like  to  take  this  opportunity  to  express  our  deep 
gratitude  to  all  of  them. 

Three  persons  deserve  special  tribute  here.  The  late  Professor  Wilhelm 
Rotkiewicz  created  in  fifties  the  Wroclaw  Branch  of  the  National  Institute  of 
Telecommunications  that  become  later  the  national  centre  of  EMC  research  and 
organisational  base  for  the  symposium.  The  late  Professor  Jan  Holownia,  first 
chairman  of  this  symposium,  was  the  main  initiator  of  the  symposium  concept. 
Professor  Frans  Louis  Stumpers  played,  as  a  Program  Chairman,  a  crucial  role  in 
coordination  with  EMC  initiatives  in  Western  Europe  and  with  the  International 
Union  of  Radio  Science  (URSI),  where  he  served  as  President  and  then  Honorary 
President. 

The  years  that  have  passed  since  the  origination  of  the  symposium  witnessed 
many  changes.  About  fifteen  generations  of  electronic  technologies  appeared, 
according  to  the  Moore's  Law.  Thirty  generations  of  engineers/scientists  left 
universities  to  start  professional  careers.  The  iron  curtain  has  disappeared  and 
European  Union  was  born.  The  old  millennium  comes  to  the  end,  and  the  new 
millennium  opens  a  new  era  marked  by  concepts  of  Global  Information  Society. 
All  that  reminds  us  that  it  is  a  time  of  change,  and  a  time  for  change. 


W.  Moroi) 

Organizing  Chairman 


Prof.  R.  Struzak 
Program  Chairman 
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IN  THE  DISTURBED  IONOSPHERE  IN  PERIOD  OF  EARTHQUAKE 

PREPARATION 


N.  Blaunstein 

Department  of  Electrical  and  Computer  Engineering,  Ben-Gurion 
University  of  the  Negev,  P.O.B.  653,  Beer  Sheva  84105,  Israel 
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Abstract 

Modulation  of  ionospheric  plasma 
density  by  acoustic-gravity  waves 
(AGW)  is  investigated.  A  rigorous 
electrodynamic  model  of  the  interac¬ 
tion  of  acoustic  waves,  generated  by 
the  hthospheric  displacements  during 
the  seismic  event  preparation,  with  the 
cold  dense  ionospheric  plasma  in  the 
presence  of  a  magnetic  field  is 
constructed  in  conjunction  with  the 
actual  height  variations  of  the  plasma 
particles’  mobility  and  conductivity 
tensors  in  the  ionosphere.  A  mecha¬ 
nism  of  creation  of  ionospheric 
inhomogeneities  with  different  scales 
and  with  various  degree  of  disturbance 
AN/No=l(H-10-*  (Nq  is  the  concen¬ 
tration  of  plasma  electrons  (ions)  in 
background  ionospheric  plasma)  is 
presented. 


1.  Mechanism  of  modulation  of 
plasma  density  by  AGW 

During  its  movement  through  the 
ionospheric  cold  dense  plasma,  an 
acoustic-gravity  wave  (AGW)  of  fi’eq- 
uency  a  and  waveniunber  k  cause  the 
neutral  particle  density  and  the 
rate  of  ionization  per  unit  volume  q{r) 
to  vary  as  follows  [1]: 

•  exp[/(kr  -  cot)]  ^  ^  ^ 

•  exp[/(kr  -  cot)] 

Here  and  dq  are  the  disturbances 
of  the  neutral  particle  density  and  of  the 
rate  of  ionization  per  unit  volume  due 
to  AGW,  respectively,  r  is  the  position 
vector,  and  t  is  time.  We  estimate  the 
changes  in  plasma  concentration  caused 
by  the  AGW. 

1.1.  Electrostatic  case 

In  the  D-layer  and  lower  E-layer, 
the  problem  is  electrostatic.  At  these 
altitudes,  the  ionization  rate  is  as  in 
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equation  ( 1 ),  but  the  recombination  rate 
is  of  the  forma ,  where  is  the 
effective  recombination  coefficient,  on 
the  order  of  (0.2  -  l.O)  •  10'®c/w^5 .  At 

these  altitudes  (50-100  km)  ions  move 
with  the  speed  of  neutral  particles  and 
both  of  them  are  less  than  the  speed  of 
AGW,  i.e., 

V^«V.=  50-100  m/s«  (2) 

where  is  the  speed  of  sound.  In 
other  words,  the  charged  particle 
motion  has  no  influence  on  the 
change  of  plasma  concentration. 
In  fact,  for  F  » 50  km  and 

Afle  =  =  ^0  =  10'“ni'\  as  well  as 

for  characteristic  scale  of  quasiregular 
plasma  inhomogeneities  A  »  200  km , 
we  obtain  that  the  characteristic  time  of 
change  of  plasma  density  due  to 
recombination 

=(a^A)  «  100 -500  s; 

(3) 

and  the  characteristic  time  of  charged 
particle  transport 


Here,  as  above,  is  the  recombina¬ 
tion  coefficient,  =  A,  =  A  (plasma 
is  quasi-neutral),  A  =  8A  +  A^ ,  and 
6A  «  Ag ,  Ag  is  the  concentration  of 
background  ionospheric  plasma. 
Introducing  (1)  in  (5a)  and  linearizing, 
we  find  that  the  amplitude  of  plasma 
inhomogeneities  due  to  AGW  can  be 
estimated  as: 


8A,,=8<? 


(6) 


^QeJ 


CO-  +{2a,yAg,,)' 


Here  8^  —  /  Ag,^  —  <7g8^^ ,  8^^, 

is  the  relative  amplitude  of  AGW,  and 
9o  (^0. +^0,)-  Using  this 

notation,  we  finally  have: 


2a^^  Ag^ 


(7) 


0)'  +(2a^Ag,,)' 

For  lower  frequencies,  co  «  2a Ag^. , 


8A/ A«8,^ 

(8) 


Tr  =  A  /  F,„  «  4000  s  . 

(4) 


With  x^»T^,  we  can  ignore  the 
movements  of  charged  particles  in  the 
equation  of  conservation  of  particles 


^  =  ^-a^^A^-^/v(AV^,) 

(5) 

and  exclude  the  term  tZ/v^AV^,,  j,  i.e., 
m3 

(5a) 


Hence,  for  lower  frequencies,  the 
plasma  disturbances  are  proportional  to 
their  source,  i.e.,  to  the  amplitude  of 
the  AGW.  For  higher  frequencies, 

CO  »  2a,^Ao,,: 

8A/ A  «8,^F((o) 

(9) 

where  F(co)  =  |a^^Ag /co)  .  Because 

in  the  D-layer  and  lower  E-layer 
^0  ~  0.002  -  0.01  s"' ,  we  have 

F(co) « 1 

(10) 
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and  bN  /  N  .  Hence,  for  the 

AGW  of  high  frequencies,  plasma 
disturbances  are  weak,  i.e.,  much  less 
than  the  amplitude  of  the  AGW. 

1.2.  Electrodynamic  case 

At  altitudes  of  upper  E-layer  and  F- 
layer  (h>130-140  km)  magnetic  field  is 
significant,  and  the  problem  of 
interaction  between  the  AGW  and  the 
plasma  is  electrodynamic.  For  these 
altitudes,  the  amplitude  of  the  moving 
plasma  disturbances  (MPD)  depends  on 
the  orientation  of  the  wave  vector  k  of 
the  AGW  relative  the  geomagnetic  field 
Bo  and  relative  to  the  plasma  drift 
velocity  \d.  The  amplitude  of  MPD  is 
maximal  when  the  condition  of  spatial 
resonance  is  “working”  [2]: 

0)  =  k.V, 

(11) 

Here,  because  ~  NJT„ +  T.),  the 
modulation  of  neutral  partuicles  {Nm 
and  Tm)  by  the  AGW  according  to  (1) 
produces  the  same  modulation  of 
charged  particles,  i.e.,  the  correspon¬ 
ding  change  of  V;„,  and  hence  the 
corresponding  change  in  the  ion 
velocity  V;.  This  modulation  of  Vi 
causes  the  redistribution  of  plasma 
density  N  and  the  creation  of  MPD 
due  to  transport  processes  during 
interaction  of  charged  particles  with 
neutrals. 

2. 3D-problem  of  MPD  evolution 

Let  us  consider  that  that  the  plasma 
is  isothermal,  i.e.,  Te^Ti^T,  which  is  the 
case  of  ionosphere  up  to  about  250  km, 
and  choose  a  coordinate  system  {x,  y, 
z}  in  which  the  magnetic  field  Bo  is 
elongated  along  z-axis.  The  particle 
movement  is  considered  in  a  coordinate 
system  {x,  y,  z)  which  is  at  the  rest 
with  respect  to  average  neutral  flow. 


The  background  plasma  is  quasi-regular 
and  homogeneous.  In  this  case  the 
frequencies  of  interaction  can  be 
presented  as  periodic  functions  due  to 
modulation  cause  by  the  AGW  [3]: 


dr  1 2)  exp[/(kr  -  oit)]} 


(12) 

V  .  =  Sv  .  — 

^  e;  ^  ei  ei 

{l  +  (‘^.i  +  /  2)  exp[/(kr  -  6tf)]} 

where  5^  =  bN^  /  1®  the 

relative  amplitude  of  the  AGW, 
=  co/lk|  is  the  phase  velocity  of  the 

AGW,  dr  =  dN  /  is  the  relative 

amplitude  of  the  modulation  of  the 
temperature  by  the  AGW.  Because  of 
the  difference  between  Ve  and  Vi  in  the 
ambient  magnetic  (Bo)  and  electric  (Eo) 
fields  for  electrons  (e)  and  ions  (/),  the 
internal  (ambipolar)  field  is  created  in 
plasma,  i.e.,  6E  =  E  -  E„  =  V<[>  ( <D  is 
the  potential  of  the  ambipolar  field), 
and  also  the  changes  of  the  tensors  of 
charged  particle  mobilities: 


M“=M“+^“,  a  =  e,  i 
(13) 

where 


aO 


m;  0 


0  m;  0 


0  0  -  A/,r 


(14) 


Here,  p  denotes  the  Pedersen 
component  of  electrons  (a=e)  and  ions 
{a=i)  mobility  (in  direction  of  the 
electric  field),  and  ||  denotes  the 


482 


mobility  of  charged  particles  along  the 
magnetic  field; 

V  =  v  +v.,  v.=v  +v.. 

Finafly,  in  the  electrodynamic  case  we 
can  present  the  disturbances  of  charged 
particle  velocities  as  [4]: 


<5V“ 

Q  Q 


+ 

S/5N 

N. 


(15) 


Here  Da  is  the  coefficient  of  ambipolar 
diffusion  of  charged  particles  obtained 
in  [5]  for  the  case  of  quasi- 
homogeneous  ionospheric  plasma, 
2a  =»//.  0)„,  is  the  gyrofi-equ- 

ency  of  plasma  particles  in  magnetic 
field.  Because,  as  was  shown  by 
numerous  experiments,  disturbances  of 
the  plasma  particles  due  to  their 
modulation  of  AGW  are  weak,  i.e., 
bN !  Nf^«\,  we  can  in  equation  (5) 
exclude  the  ambipolar  field.  Linea¬ 
rizing  equation  (5)  and  taking  into 
account  equation  (15),  were  the 
ambient  electric  field  perturbation  6E 
is  also  considered  as  weak,  i.e., 
5E  « E(, ,  an  equation  (5)  can  be 
solved  and  for  longitudinal  AGW,  gives 
the  relative  amplitude  of  MPD: 


SN  =  N,{co-k-\,)x 

_  sQi^Qj 


(16) 

where  is  the  drift  velocity  of 
charged  particles,  E  =  E^  +  5E ,  and  x 
is  the  angle  between  k  and  Bo. 

From  (16)  it  follows  that  if 
V 

Q.  — ^cos’  X  «  I  >  fhcn  the  influence 

of  modulation  exceeds  the  effects  of 
interaction  between  the  plasma  and  the 
neutral  species.  Expression  (16)  has  a 
maximum  for  the  AGW  satisfying  the 
“resonance”  conditions 
to-k-V^ 

where  is  the  component  of  vector  k 
along  the  magnetic  field,  and: 


(17) 

The  above  analysis  illustrates  the 
principal  possibility  of  the  creation  of 
plasma  moving  disturbances  by 
longitudinal  AGW  and,  finally,  of  the 
creation  of  plasma  inhomogeneities. 
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A  method  of  description  of  global  electric  field 
and  current  under  inhomogeneous  atmosphe¬ 
ric  conductivity  is  considered.  As  an  example, 
the  method  is  applied  to  the  case  of  con¬ 
ductivity  varying  arbitrary  with  latitude  and 
increasing  exponentially  with  altitude.  It  is 
shown  that  under  wide  enough  class  of 
conductivity  distribution  the  problem  can  be 
reduced  to  a  set  of  ordinary  differential 
equations  describing  an  atmospheric  electric 
potential.  A  method  of  the  eigenvalue  spectrum 
evaluation  and  properties  of  the  appropriate 
eigenfunctions  are  described.  To  estimate 
responses  of  global  atmospheric  electric  field 
and  air-earth  current  to  variations  of  latitude 
conductivity  profile,  a  model  of  global  electric 
circuit  is  constructed  taking  into  account  both 
a  spatial  inhomogeneity  of  the  conductivity 
distribution  and  electric  sources  dealing  with 
thunderstorms  or  with  large-scale  magneto- 
spheric  convection.  Under  model  conductivity 
profile  an  exact  general  solution  of  the 
problem  is  obtained.  It  is  shown  that  latitude 
variation  of  terrestrial  atmospheric  conduc¬ 
tivity  leads,  in  particular,  to  appearance  of 
significant  additional  radial  electric  field  in 
the  lower  atmosphere. 

1.  INTRODUCTION 

It  is  known  tliat  an  electric  conductivity  of 
terrestrial  atmosphere  depends  substantially 
both  on  the  geo-coordinates  and  altitude  above 
the  planetary  surface.  This  dependence  appears 
mainly  due  to  variation  of  intensity  of  external 
ionization  sources  and  differences  in  local 
meteorological  conditions.  Atmospheric  con¬ 
ductivity  at  low  heights,  in  the  austasch  layer, 
significantly  depends  on  the  atmospheric  tur¬ 
bulence,  surface  properties,  Earth's  radioactivi¬ 
ty  and  has  a  complex  spatial  distribution. 
When  receding  from  the  ground,  a  contribution 
of  near-surface  processes  to  the  atmospheric 
conductivity  decreases  and  cosmic  rays  be¬ 
come  the  main  factor  forming  an  exponential 


growth  of  the  conductivity  with  altitude  and  its 
large-scale  latitude  profile  [1]. 

Generally,  a  spatial  inhomogeneity  of 
atmospheric  conductivity  leads  to  a  significant 
complication  in  calculation  of  global  circuit 
parameters.  Tliat  is  connected  mainly  with  a 
change  of  eigenfunctions  of  the  electrostatic 
problem:  the  eigenfunctions  of  homogeneous 
medium  are  not  ortliogonal  under  spatially 
inliomogeneous  conductivity,  and  determining 
of  tlie  new  set  of  eigenfunctions  usually  is  a 
nontrivial  problem.  In  some  cases,  however, 
one  need  to  estimate  an  influence  of  the 
conductivity  profile  on  a  field  and  current 
distribution.  It  seems  interesting,  for  example, 
under  tlie  terrestrial  conditions,  where 
atmospheric  conductivity  at  the  poles  exceeds 
an  equatorial  conductivity  more  than  a  twice 
[IJ.  In  the  present  work,  we  suggested  a 
general  method  of  calculation  of  electric  field 
and  current  density  assuming  atmospheric 
conductivity  to  be  a  product  of  two  functions 
depending  on  tlie  altitude  and  latitude 
respectively. 

2.  BASIC  EQUATIONS  AND 

GENERAL  SOLUTION 

In  a  stationary  problem  electric  potential  8, 
field  E  and  current  density  j  in  a  medium  with 
conductivity  ©(r,0)  can  be  described  by  tlie 
equation  for  a  current  density  j  =  0(r,O)  E 
and  by  the  continuity  equation  div  j  =  0.  Here  r 
is  the  radial  distance  and  O  is  the  co-latitude  in 
a  spherical  frame  of  reference.  So  far  as  the 
electric  field  is  potential,  one  can  reduce  the 
above  equations  to  the  following  second-order 
partial  differential  equation  witli  respect  to  the 
electric  potential  8: 

div  (©(/-, O)Jg)  =  0.  (1) 

In  a  case  of  arbitrary  distribution  of  the 
conductivity  ®(r,0)  it  seems  rather  difficult  to 
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obtain  a  general  analitical  solution  of  Eq.(l). 
However,  if  tlie  conductivity  can  be  presented 
as  a  product  of  functions  depending  on  r  and 

O: 


©(r,0)  =  ©(/-)^(0),  (2) 


one  can  present  an  electric  potential  in  the 
form  8(r,0)  =  F{f)  G(0)  and  separate 
variables  in  Eq,(l),  reducing  it  to  a  set  of  the 
following  ordinaiy  differential  equations: 


(r*F;(/-))’.  +r*  ^^F;{r)-X^F{r)  =  0. 
n{r} 

+  X*G(x)  =  0, 


(3) 

(4) 


where  x=cosO,  X  is  a  real  separation  constant. 

A  general  solution  of  Eq.(4)  can  be  pre¬ 
sented  as  tlie  power  series 


GW=So*(^-1)‘-  (5) 

*=0 

Substituting  (5)  into  Eq.(4)  and  presenting  tlie 
latitude  profile  of  atmospheric  conductivity  in 

<0 

the  form  0(x)  =  ^(|)n(x-i)*  one  can  obtain 

k-O 

the  following  recursion  relation  for  the  power 
series  coefficients: 


A  general  solution  of  Eq.(4)  presents  a  set  of 
eigenfunctions  calculated  by  means  of  relation 
(6)  for  the  corresponding  eigenvalues  ©.  To 
determine  an  eigenvalues  spectrum  one  needs 
to  use  the  known  properties  of  the  solution.  In 
our  case,  this  is  a  fmiteness  of  eigenfunctions 
at  the  points  x=±l.  For  example,  if  a  latitude 
profile  of  the  conductivity  is  symmetrical  with 
respect  to  the  point  x=0,  eigenfunctions  of 
Eq.(4)  must  be  either  even  or  odd.  That 
possesses  us  to  consider  separately  the 
conditions  G(o)  =  0  and  G^(o)  =  0  together 
with  finiteness  of  the  eigenfunctions  at  one  of 
the  points  jf=±l  only.  Taking  into  account  tlie 
above  properties,  one  can  obtain  a  discrete 
eigenvalues  spectrum  Xj  assuming  free 

coefficient  =  1  and  solving  tlie  equations 

s«t(-i)‘=o,  zto*(-ir=o.  (7) 

k  k 


It  should  be  pointed  out  that  Eq.(3)  has  a  conti¬ 
nuous  eigenvalue  spectrum,  so  eigenvalues  of 
the  problem  are  determined  namely  by  Eq.(4) 
under  the  above  boundary  conditions. 

Using  the  obtained  eigenvalues  and 
relation  (6)  one  can  construct  the  appropriate 
eigenfunctions  G^(x)  of  Eq.(4)  and,  in  the 

similar  way,  general  solutions  Fj{x)  of  Eq,(3). 

A  set  of  these  functions  presents  a  general 
solution  of  Eq.(l)  under  conductivity 
distribution  (2). 

It  is  easily  seen  that  in  a  case  of  uniform 
distribution  of  tlie  conductivity  over  latitude 
the  eigenfunctions  Gj{x)  transform  to  the 

Legendre  polinomials  Py(x)  of  the  second 

kind,  belonging  to  the  class  of  orthogonal 
polinomials.  It  is  important  to  point  out  that  the 
“modified  Legendre  polinomials”  G^(x)  also 
possess  a  specific  weighted  ortliogonality: 

jG,(x)G*(x)<?-(x)dx  =  0 

•I 

under  tliat  is  one  of  their  most  important 
properties.  As  follows  from  the  last  relation, 
one  can  use  G^  (x)  as  a  basis  to  expand  into 
series  a  solution  of  tlie  not  uniform  problem. 

3.  DESCRIPTION  OF  THE  MODEL 

To  calculate  global  atmospheric  electric 
field  and  current  under  terrestrial  atmospheric 
conductivity  in  the  framework  of  the  above 
approacli,  we  consider  the  following  model 
problem.  A  planet  of  radius  and 

conductivity  is  surrounded  by  atmosphere 
of  height  h  witli  conductivity 

Here  is  tlic  conductivity  at  the  planetary 
surface  at  tlie  equator,  H  is  tlic  scale  heiglit  of 
the  conductivity  variation,  ^  is  a  dimensionless 
parameter.  A  comparison  of  tlie  latitude  profile 
(8)  under  >1«I,15  witli  recent  observational 
results  and  witli  one  of  the  known  conductivity 
distribution  models  is  presented  in  Fig.  1. 

It  should  be  pointed  out  lliat  near  the 
surface  a  conductivity  of  tlie  terrestrial 
atmosphere  significantly  depends  on  the 
latitude  and  longitude,  so  tlie  model  (8)  is  only 
qualitatively  reflects  a  real  distribution  of  tlie 
conductivity. 

First,  we  estimate  responses  of  global 
atmospheric  electric  field  and  air-eartli  current 
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(8)  and  the  appropriate  eigenvalue  in  Eq,(3),  A 
general  solution  of  Eq.(3)  under  =0  is 


\ 
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Fig.l.  Measurements  of  a  latitude  distribution 
of  the  atmospheric  conductivity  [1]  (triangles) 
as  compared  to  the  conductivity  profile 
considered  by  Hays  and  Roble  [2]  (dashed 
line)  and  to  the  model  distribution  (8)  under 
^=1  14913  (solid  line). 


to  variations  of  latitude  conductivity  profile 
taking  into  account  electric  sources  dealing 
with  large-scale  magnetospheric  convection. 
These  results  appears  general  enough,  and 
lower  we  qualitatively  apply  them  to  tlie  case 
of  thunderstorm  electric  generators  in  tlie 
global  circuit.  It  is  assumed  that  differential 
rotation  of  the  well-conducted  planetary 
plasma  envelope  provides  die  electric  potential 
C/a(0)  at  the  upper  boundary  r,  =rp+/7  of 

the  atmosphere.  We  are  looking  for  a 
stationary  solution,  so  the  radial  component  of 
an  electric  current  density  must  be  continuous 
and  the  net  current  flowing  tlu'ough  the  upper 
atmospheric  boundary  must  be  zero.  Tlie  a^ve 
relations  and  a  continuity  of  the  electric 
potential  at  die  boundaries  of  the  atmospheric 
layer  present  boundary  conditions  of  the 
problem. 

Under  the  model  ladtude  conductivity  pro¬ 


file 


l+A 

sin'*04-^ 


from  (8)  it  is  easy 


to  determine  two  lowest  eigenvalues  of  Eq.(4), 

Xq  =  0  and  appropriate  latitude 

eigenfunctions  are 


GoW  =  l, 


where  (x)  are  die  Legendre  polynomials  of 
the  order  k.  To  determine  die  functions  F(,{r) 
and  F2(r)  one  needs  to  substitute  the  radial 
conductivity  profile  cy(r)  =  a,oexp(r///)  from 


=  (10) 
and  under  X^  =  >/6  is 

^2  W  ” -^2^2.1  ('')■*"  ^2'^2.2(^)*  (11) 

where 

P'1.1  ('■)  =  ^*exp(-  4)(^-*exp(§)),5/" .  (12) 

Here  are  constants  depen¬ 

ding  on  the  boundary  conditions,  ^r/H. 

Let  us  suppose  that  an  external  electric 
sources  provides  the  electric  potential 

Ug  (x)  =  DqGq  (x) + (x)  (13) 

at  the  upper  boundary  of  the  atmosphere  [3], 
dien  a  general  fonn  of  the  solution  is 

(?(/■, x)  =  F„(r)G„(x)+F,(r)G,(x)  (14) 

Substituting  expressions  (9)-(12)  in  the 
formula  (14)  and  taking  into  account  the 
discussed  above  boundary  conditions  an  exact 
distribution  of  the  electric  potential  is  obtained. 
Using  known  values  of  atmospheric 

conductivity  =  4.5 -10*^5’' .  total  atmo¬ 

spheric  heiglit  h  =  10^  cm,  scale  height  of  the 
conductivity  variation  H  =  10^  cm,  Earth's 
interior  conductivity  ap=9*10^s'‘  and  the 

planetary  radius  rp  =6.37-10®cm  [4],  an 

exact  solution  (14)  in  the  lower  atmosphere 
(z«h)  can  be  simplified  and  takes  the  form 

(Pa  +  ^2^1  (-^X*  - exp(-  z  ///)),  (15) 

where  z  =  r-r^  is  an  altitude  above  the  plane¬ 
tary  surface.  Using  (15)  one  can  obtain  dis¬ 
tributions  of  the  vertical  electric  field  and 
current  density  in  the  lower  atmosphere: 

(z,  x)  a  -DjGj  (x)exp(-z  /H)/H, 

(2, :»:) «  (x)/ H.  (16) 

To  clear  up  an  influence  of  the  latitude 
conductivity  variations,  let  us  consider  the 
problem  under  the  same  boundary  conditions 
assuming  latitude  independent  atmospheric 
conductivity.  In  tliat  case  Eq.(4)  reduces  to  the 
Legendre  equation  witli  tlie  spectrum  of  eigen- 
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values  ^y=yO+0  eigenfunctions 

Pj{x).  Using  that  eigenvalue  spectrum  it  is 
possible  to  detennine  an  asymptotic  behavior 
of  general  solutions  of  Eq.(3)  under  ^r/H»i  -. 


('•))/  “  *(*  +  0^  + 

(-i)”*'exp(-^)(r* +o[r^J 


('•))/  “  {-  0**  exp(- 


where  /  h] 


are  small  terms  of  the 


appropriate  order  of  magnitude, 

Tlie  electric  potential  at  tlie  upper 
atmospheric  boundary  can  be  presented  as  a 
linear  combination  of  tlie  lowest  even 
Legendre  polynomials: 


where  constants  follow  from  tlie 

expression  (9).  Taking  into  account  tlie  above 
values  of  a^Q,a^M,h,r^  and  asymptotics 

(18)  an  exact  distribution  of  electric  potential 
in  the  lower  atmosphere  can  be  reduced  to  the 
following  form: 

(z,  x)  «  Dq  4-D2aoexp(-r///)+ 

£>,G,(xXl-exp(-z//f))  (19) 

Distributions  of  vertical  electric  field  and 
current  density  corresponding  to  the  potential 

(19)  are 


D,(ao  -G,(x))exp(-z ///)///, 
yl“’(z,x)«a,,Z)j(ao -G^{x))/H.  (20) 


Fig.2,  Vertical  electric  field  near  the  ground  in 
the  cases  of  latitude-independent  atmospheric 
conductivity  (dashed  line)  and  model  latitude 
conductivity  profile  (8)  under  A  =  1.14913 
(solid  line). 

to  tlie  voltage  applied  to  the  upper 
boundary  of  atmospheric  layer.  Assuming  the 
applied  potential  is  connected  with  a 

large-scale  convection  of  the  planetary  plasma 
envelope,  it  is  naturally  to  suppse  that  Dj  is  of 
tlie  order  of  unipolar  potential  U  =A/Q/(rpc)i 

where  M  and  Q  are  the  dipole  magnetic 
moment  and  angular  velocity  of  the  planet,  c  is 
the  velocity  of  liglit  [3],  So  far  as  under  the 

terrestrial  conditions  C/ «10^kV,  it  appears 
that  ekp,  =15kV. 

Taking  anotlier  value  of  A  (as  seen  fi-om 
(8),  it  is  possible  to  accept  v4<-l  and^>0)  one 
can  see  tliat  tlie  similar  effect  appears  deary: 
in  tliat  case  expressions  (9),  (15)-(16)  and  (19)- 

(20)  are  still  valid.  For  example,  under  >1=-1.6 
Uie  latitude  conductivity  profile  (8)  reaches  a 
maximum  at  tlie  equator,  and  under  tlie  same 
boundary  conditions  a  sign  of  the  additional 
electric  field  inverts  (see  Fig.2). 


4.  DISCUSSION  OF  THE  RESULTS 

As  seen  from  the  expressions  (15),  (19)  for 
electric  potential  and  (16),  (20)  for  vertical 
electric  field  and  current  density,  a  variation  of 
atmospheric  conductivity  with  latitude  leads  to 
appearance  of  tlie  additional  latitude  indepen¬ 
dent  electric  potential  S<p3(z)  =  q>^(2)“ 

(z) «  -Dj  (a  0  -  Gj  (x))  and  corresponding 
vertical  electric  field  5E^(z)«jE^(z)- 

E^^'^{z)^D^a^cxp{-z/H)/H  (see  Fig.2). 
As  follows  from  the  expression  (9),  tlie  coeffi¬ 
cient  ttp  =  (35^/8  +  5/3)« -0.15,  tliat  is 
approximately  equal  to  tlie  ratio  of  the 
additional  potential  appearing  near  the  ground 


Fig.  3.  Comparison  of  vertical  electric  field  at 
tlie  ground  in  the  cases  of  homogeneous 
(dashed  line)  and  model  latitude  conductivity 
profile  (8)  underi4=-1.6  (solid  line). 
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The  model  can  also  take  into  account 
tlnmderstorms  and  other  atmospheric  electric 
sources  as  external  currents  witl\  distributed 
magnitude  in  different  regions  of  tlie 
atmosphere.  It  is  naturally  to  present  tliese 
currents  in  the  thin  enough  atmospheric  layer 
in  the  form 

As  seen,  in  that  case  a  fundamental  solution  of 
non  uniform  problem  coincides  with  eigen- 
fiinctions  of  Eq.(l)  and  is  determined  by 
conditions  at  the  boundaries  of  the  current 
layer  and  whole  atmosphere.  Performing  cal¬ 
culations,  one  can  see  that  tlie  above  results 
obtained  under  magnetospheric  sources  of 
atmospheric  electricity  are  still  valid:  a  latitude 
variation  of  atmospheric  conductivity  leads  to 
a  significant  redistribution  of  vertical  electric 
field  at  the  ground,  Under  model  terrestrial 
conductivity  profile  (8)  that  redistribution  is  of 
the  order  of  15%  as  compared  to  the  case  of 
latitude  independent  conductivity. 

It  should  be  also  noticed  tliat  in  tlie  fraine- 
work  of  the  above  approach  more  sophisticated 
models  of  atmospheric  conductivity  can  be 
used.  In  particular,  longitude  dependence  of 
atmo-spheric  conductivity  and  existence  of  the 
austasch  layer  can  be  naturally  taken  into 
consideration  as  well  as  the  Eartlfs  orography 
effect. 

5.  CONCLUSIONS 

A  metliod  of  description  of  a  global 
electric  field  and  current  density  under  inho¬ 


mogeneous  atmospheric  conductivity  is 
elaborated.  It  is  shown  that  tlie  latitude 
conductivity  variation  leads  to  a  significant  re¬ 
distribution  of  vertical  electric  field  in  the 
lower  atmosphere,  which  is  about  15%  as 
compared  to  tlie  case  with  tlie  same  boundary 
conditions  (applied  potentials  and  atmospheric 
external  currents)  under  latitude  independent 
conductivity  of  the  atmospheric  layer. 
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On  the  basis  of  'Electrodynamics  of  Diist\  it  is 
shown  that  an  electric  cusp  typically  formed  by  a  quad- 
rupole  constitutes  'electric  mirrors'  where  uncharged 
and/or  charged  dust  particles  are  reflected  back  and 
forth  and  trapped  between  conjugate  mirror  points.  Such 
a  quadrupole  configuration  really  exists  in  the  terrestrial 
atmosphere  as  a  horizontal  electrification  of  thunder¬ 
clouds  with  their  images  onto  the  ground,  for  which  an 
electric  cusp-mirror  model  without  or  with  gravity  is  ap¬ 
plied.  Results  indicate  that  two  kinds  of  diffuse  dust  lay¬ 
ers  could  be  expected  below  and  beyond  the  mirror  point 
by  trapped  dust  grains  and  by  escaping  grains,  respec¬ 
tively.  Thus,  the  presence  of  dust  and  aerosols  is  thought 
to  affect  a  whole  population  of  the  atmosphere  and  iono¬ 
sphere,  causing  a  variety  of  pre-earthquake  effects  ob¬ 
served  from  ground,  balloons,  and  satellites.  This  could 
he  attributed  to  roles  of  dust  ejected  from  the  earth's 
crust  into  the  atmosphere  and  affected  by  electric  cu.sps- 
mirrors  of  quadrupole-like  thundercloud  configurations. 

1 .  INTRODUCTION  AND  SUMMARY 

While  electrodynamics  or  gravito-electrodynamics  is 
concerned  with  the  dynamics  of  a  charged  particle  in  an 
electromagnetic  field  or  in  an  additional  gravitational  field, 
the  so-called  test  particle  approach  has  only  been  used, 
since  the  particle  is  usually  considered  a  point  charge  and/ 
or  a  material  point.  Accordingly,  no  electric  but  gravita¬ 
tional  force  only  is  exerted  on  uncharged  particles.  For 
this  reason,  conventional  gravito-electrodynamics  usually 
deals  with  the  motion  of  charged  particles  only. 

The  situation  is  drastically  changed,  however,  under 
some  field  configurations,  typically  when  a  particle  is  in¬ 
vading  an  electric  cusp.  Then,  electric  field  merging  to¬ 
ward  the  particle  induces  or  polarizes  tiny  quadrupole-like 
charges  on  its  surface  or  volume,  thus  electric  forces 
being  exerted  on  the  grain.  This  is  just  electric  reconnec¬ 


tion  whose  concept  has  already  been  introduced  by  the 
present  author  for  more  than  a  decade  [1,2]. 

In  this  paper,  it  is  shown  that  the  particle  in  an  elec¬ 
tric  cusp  can  be  greatly  accelerated  by  electric  reconnec¬ 
tion  and  that  electric-cusp  configuration  typically  formed 
by  a  quadrupole  constitutes  electric  mirrors,  analogous  to 
magnetic  mirrors.  Such  a  quadrupole  configuration  really 
exists  in  the  terrestrial  atmosphere  as  a  horizontal 
electrification  of  thunderclouds  with  their  images  onto  the 
ground,  for  which  dust  electrodyrtamics  and  dust  gravito- 
electrodynamics  are  developed.  Results  indicate  that  two 
kinds  of  diffuse  dust  layers  could  be  expected  below  and 
beyond  the  mirror  point  by  trapped  dust  grains  and  by 
escaping  grains,  respectively.  Thus,  the  presence  of  dust 
and  aerosols  is  thought  to  affect  a  whole  population  of  the 
atmosphere  and  ionosphere,  causing  a  variety  of  pre¬ 
earthquake  effects  observed  from  ground,  balloons,  and 
satellites  [3].  This  could  be  attributed  to  roles  of  dust 
ejected  from  the  earth’s  crust  into  the  atmosphere  and 
affected  by  electric  cusps-mirrors  of  quadrupole-like 
thundercloud  configurations. 

2.  ELECTRIC  CUSP  AND  RECONNECTION 

Electric  atsp  is  an  electrically  neutral  point,  line  or 
sheet,  across  which  the  electric  field  reversal  occurs,  and 
is  thought  to  be  a  source-origin  of  electric  reconnection, 
analogous  to  magnetic  cusp  for  magnetic  reconnection. 

Electric  reconnection  is  a  phenomenon  in  which  elec¬ 
tric  field  lines  in  one  direction  tend  to  connect  to  other 
adjacent  field  lines  in  the  opposite  direction  and  by  which 
energy  stored  in  electric  fields  is  released  rapidly  to  be 
transferred  to  kinetic  energy  of  particles  in  z  free-space- 
like  environment,  causing  particle  acceleration. 

2. 1  Electric  force  exerted  on  a  spherical  dust  in  an 
electric  cusp 
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A  point-like  uncharged  particle  in  motion  is  not  af¬ 
fected  by  electric  forces  but  only  by  gravitational  forces. 
The  same  is  said  for  sizeable  particles  if  they  are  so  tiny 
that  the  so-called  test-particle  approach  is  feasible. 

The  situation  is  drastically  changed,  however,  under 
some  field  configurations,  typically  when  a  dust  particle  is 
invading  an  electric  cusp.  Then,  some  of  adjacent  electric 
field  lines  of  force  in  opposite  directions  tend  to  merge 
toward  the  particle,  inducing  or  polarizing  tiny  quadru- 
pole-like  charges  on  its  surface  or  volume,  thus  electric 
forces  being  exerted  on  the  grain  even  when  the  particle  is 
uncharged.  Then,  a  total  electric  force  exerted  on  the 
grain  is  a  vector  sum  of  contributions  from  quadrupole 
charges.  Therefore,  we  start  with  the  evaluation  of  the 
electric  force  between  a  spherical  dust  and  a  point  charge. 


2.1.1  Electric  force  exerted  on  a  spherical  dust  by  a  point 
charge  q 

Consider  the  electric  force  between  a  point  charge  q 
and  an  isolated  spherical  conducting  dust  grain  with  radi¬ 
us  a  and  total  charge  q^.  Then,  the  electric  field  outside 
the  grain  is  equivalent  to  the  resultant  field  of  the  point 
charge  q,  two  image  charges  on  the  sphere,  q'  and  q'\  and 
dust  charge  ^o,  as  shown  in  Fig.  1 .  Here 

^  =  -f  =  -{ald)q  (1) 


and  q"  is  located  at  a  distance  d'=  c^ld  from  the  center  of 
the  sphere,  while  is  located  at  the  center  of  the  sphere. 

Then,  the  electric  force  exerted  on  the  spherical  dust 
by  a  point  charge  q  may  be  written  as  (e.g.  [4]) 


ad(f  _1 _ 1_  qqo 

4^s  ct  AftacF 


(2) 


We  now  consider  the  electric  forces  acting  on  an 
isolated  conducting  spherical  dust  in  an  electric  cusp 
formed  by  a  quadrupole  with  a  rectangle  of  2/  and  2h  as 
shown  in  Fig. 2.  Then,  a  total  electric  force  /  exerted  on 
the  grain  is  a  vector  sum  of  each  contribution  from  pole 
charges  /  (  i  =  1,  2,  3,  4),  taking  into  account  a  given 
charge  of  the  grain,  namely 
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where  tti  is  the  outward  unit  vector  normal  to  the  spheri¬ 
cal  surface  directed  to  each  pole  and  di  is  the  distance 
between  the  center  of  a  spherical  dust  and  each  pole. 

Now  we  proceed  to  the  motion  of  a  dust  grain,  whose 
rectangular  and  spherical  coordinates  are  (x,^,  z)  and  (r,0, 
<p)  with  the  origin  at  the  cusp  center,  first  near  the  cusp 
center,  where  r,  x,  y,  z  «di,  I,  h.  Then  we  have 

di^  =  l^+h^-  2{lx  +  hy),  d'^  =  f  +  h^+  2{lx  -  hy\ 
d^^  =  F  +  h^+2{lx  +  hy),  d^^=l^  +  h^-2{lx-hy). 


Substituting  Eqs.(5)  in  Eq.(4)  and  retaining  the  first  order 
oirlif  +  we  obtain,  after  some  manipulation. 
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For  a  «  d,  this  can  be  rewritten  on  Taylor’s  expansion,  as 


/=- 


ln8(f 


AneS 


(3) 


It  is  seen  that  an  attractive  electric  force  acts  on  the  grain 
or  object  even  if  it  is  neutral  or  uncharged  =  0). 

2.1.2  Electric  force  exerted  on  a  spherical  dust  by  a 
quadrupole 


where  the  first  and  second  terms  on  the  right-hand  side 
are  electric  forces  acting  on  the  grain  due  to  its  induced 
and  given  charges,  respectively.  Tt  is  significant  that  the 
electric  force  exerted  on  the  uncharged  dust  {qd=^)  by  a 
quadrupole  increases  proportionally  to  its  distance  from 
the  cusp  center  as  long  as  it  is  still  in  a  cusp  zone,  while 
for  charged  dust  (qo^O),  the  electric  force  on  the  grain  is  a 
sum  of  that  on  induced  and  given  charges,  its  x-  and  y- 
component  being  proportional  to  y  and  x,  respectively. 


y  c :  CUSP 


Fig.  1 .  Image  charges  of  a  point  charge  q  for  a  spherical 
conducting  grain. 


Fig.  2.  An  isolated  spherical  dust  in  or  not  in  the  eclip¬ 
tic  plane  of  a  quadrupole  with  a  rectangle  of  2/  and  2h. 
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3.  ELECTRODYNAMICS  AND  GRAVITO- 
ELECTRODYNAMICS  OF  DUST  IN 
AN  ELECTRIC  CUSP  OR  MIRROR 


Since  the  new  kind  of  electric  force  on  uncharged  or 
even  charged  grains  is  usually  not  taken  into  account  in 
the  conventional  dust  dynamics,  the  present  section  is 
concerned  with  dust  electrodynamics  and  dust  gravito- 
electrodynamics  in  an  electric  cusp  as  an  typical  example. 


3.1  Electrodynamics  of  uncharged  dust  near  a  cusp  center 
in  the  ecliptic  plane  of  a  quadrupole 


Based  on  the  electric  force  on  an  uncharged  dust  ob¬ 
tained  in  the  preceding  section,  we  now  proceed  to  dust 
electrodynamics  in  an  electric  cusp. 

The  equation  of  motion  of  an  uncharged  dust  particle 
near  a  cusp  center  may  be  written,  putting  Oin  Eqs. 
(6)  and  (7),  as 
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Integrating  Eqs. (8)  and  (9)  and  putting  the  initial  condi¬ 
tions  of  dust  at  /  =  0:  X  =  xo,  ~  yQ\  u  =  dxldi  -  Hq  v  = 
dyfdt  =  ^0,  their  solutions  can  be  written  as 
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Accordingly,  the  velocity  of  dust  leads  to 


dx 

«o 

=  a  (xc^sinh  a  t  +  — 

-  cosh  a  0, 

(12) 

dt 

a 

dy 

Vi) 

^  piVoSinh  p(  + - 

-cosh  pi). 

(13) 

dt 

P 

I 

2h 


0. 


0 


n;  :  NEUTRAL  OR  UNCHARGED  DUST 
:  POSITIVELY  CHARGED  OUST 
-■  :  NEGATIVELY  CHARGED  OUST 

y  i 

©  - - 2i- - 

t0  © 

2h 


b'  r 

(N) 


© 


-2£t 


© 


© 


(’Xo--Vc)  I 


(i.)a2,>0  (5£^'>h  =  ) 


(i)  aOO  (5t->h2) 


(m)o=<'0  (5£'<h^} 
P'>0  (5h->£?) 


Fig,  3.  Schematic  of  charged  and  uncharged  particle 
behavior  in  an  electric  cusp. 


Fig. 3  shows  a  schematic  illustration  of  charged  and 
uncharged  particle  behavior  in  an  electric  cusp  with  a 
quadrupole.  In  general,  negatively  and  positively  charged 
particles  tend  to  enter  the  first  or  third  quadrant  and  the 
second  or  forth  quadrant,  respectively  and  rapidly  to  go 
away  from  the  cusp  center.  For  the  case  (i)  when  cP  >  0 
(5P  >  h^)  and  p^>  0  {Sh^  >  P  ),  uncharged  particles  are 
accelerated  soon  exponentially  in  both  x  and  y  directions. 
For  the  case  (ii)  when  a  ^  >  0  (or  5P  >  h^)  but  <0  (or 
5/7^</^),  an  uncharged  particle  is  accelerated  soon  expo¬ 
nentially  only  in  the  x  direction  but  is  trapped  in  a  zone 
around  the  x  axis,  oscillating  sinusoidally  in  the  y  direc¬ 
tion.  The  case  (iii)  when  <  0  (or  SP  <  h^)  but  p^>  0 
(or  5h^>P)  is  the  same  as  the  case  (ii)  but  the  motion  in 
the  X  and  y  directions  is  replaced. 


3.2  Nonlinear  electrodynamics  of  uncharged  dust  placed 
in  a  quadrupole:  electric  mirrors 

We  now  consider  the  case  when  an  uncharged  dust  is 
placed  onto  the  midplane  of  a  quadrupole  (xq  =  0)  and  in 
its  ecliptic  plane,  choosing  the  cusp  center  for  the  origin 
of  the  rectangular  coordinate,  (x,  y),  but  not  only  in  a  re¬ 
gion  of  cusp  (-  00  <  3.^  <  oo)  and  a  a  d^-  dj,  a  <{dy=  d^,  cp 
-K  H  (  Fig. 4).  Then,  the  motion  of  dust  is  possible  only 
on  the  axis  due  to  symmetry,  and  Eqs. (5)  become 

t/T  =  d2^  =  /- +  (/;-y)T  d^=d^=^l^^{hvyf  (14) 


Therefore,  Eq.(4)  can  be  written,  retaining  up  to  the  order 
as 
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Then  we  have  the  equation  of  motion  of  dust 
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This  can  be  rewritten,  putting  p=  'im/^TVcP  (  p.  mass 
density  of  a  spherical  dust),  as 
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where 
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is  a  geometrical  factor  to  be  determined  by  relative  loca¬ 
tions  of  the  quadrupole  and  dust,  and  is  also  regarded  as 
an  acceleration  (>0)  or  deceleration  factor  (<0). 

It  is  noted  that  motion  of  uncharged  dust  does  not 
depend  on  its  size  but  only  on  its  mass  density. 

Nonlinear  differential  equation  (17)  can  be  integrated 
exactly,  referring  to  an  initial  condition,  y-yo,  v  -  Vq  at  t 
”  0,  yielding 
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When>^  =  ±  /?,  this  can  be  written  for  Ij^ol  «  ^  as 
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This  indicates  that  the  particle  velocity  becomes  maxi¬ 
mum  approximately  Biy-±h  where/)  «  0  from  Eqs.(19) 
and  (14),  turning  from  acceleration  to  deceleration. 

When  an  isolated  dust  particle  was  placed  at  the  cusp 
center  on  the  ground,  _yo  =  0  at  /  =  0  with  its  initial  veloc¬ 
ity  V  ~  i7o,  Eq.(20)  may  be  written  as 
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dust  behavior  in  an  electric  cusp  will  be  modified. 

When  an  uncharged  dust  grain  is  placed  on  the  mid¬ 
plane  in  a  quadrupole,  its  motion  is  straight  along  the  y- 
axis  and  is  described  exactly,  referring  to  Eq.(l7),  by 

(/y  dv 

-j^--^-liq.p)D{y)-g.  (25) 

It  is  seen  that  the  effect  of  gravity  can  be  obtained  simply 
from  replacing  the  term  rfD  in  Eq.(l  7)  by  rjD-g,  and  con¬ 
sequently  from  replacing  the  term  and  Vo  in  Eq.(20)  or 
(22)  by  +  Igy  and  Vq  +2gyo>  respectively.  Then,  the 
mirror  point  with  gravity  can  be  obtained,  putting  =  0, 
with  the  mirroring  condition; 

n  ri(q,p) 

^0  <  =  -UM  +2gyu  =  ^MG  .  (26) 

Here,  the  upper  limit  of  Vq^  increases  by  particle’s  gravi¬ 
tational  potential  energy,  making  easier  the  mirror  effect, 
and  a  new  escape  velocity  ^mg  becomes  higher. 


When  the  particle  starts  moving  upwards  from  the 
cusp  center  with  a  velocity  of  Vo,  it  accelerates  rapidly, 
gaining  energy  from  the  electrostatic  energy  of  the  envi¬ 
ronment  until  it  reaches  a  point  ofy  =  h.  Then  the  particle 
turns  to  abrupt  deceleration,  returning  part  of  its  kinetic 
energy  to  the  field  energy,  and  reaches  a  mirror  point  y  ~ 
where  r;=0  and  the  particle  tends  to  go  back  down¬ 
wards  in  the  exactly  same  way  but  changing  the  sign  of  v 
until  it  reaches  the  conjugate  mirror  point  y  =  ~y^i  <  0  to 
be  determined  from  Eq.(22).  In  such  a  way,  a  quadrupole 
constitutes  an  electric  mirror  as  well  as  an  electric  cusp. 

Since  the  third  term  (bracket)  on  the  right-hand  side  is 
positive  but  rapidly  decreasing  with  increasing  y  >  h,  a. 
mirror  point  >'m  should  exist  satisfying  the  relation: 


Vo^< 


V  {q.  p) 
(i^  +  h^f 


(23) 


This  is  the  necessary  condition  required  for  the  dust  grain 
to  mirror  between  conjugate  points.  Conversely,  if  Vq  > 
the  dust  grain  tends  to  stop  beyond  the  mirror  point  or  to 
escape  from  the  electric  mirror,  continuing  to  run 
upwards,  so  niay  be  termed  as  the  escape  velocity. 

In  particular,  in  an  electric  cusp,  0  <  |  ^^  |  «  /?,  retaining 
only  the  first  order  of 7//?,  Eq.(17)  recovers  Eq.(9)  (77/) 
P^).  Then,  referring  to>>o=  0,  we  have  from  Eq.(l3) 

or 

(24) 

{v^  “  -  v^[{vlVof-\ Y^=  Py,  (v/vo  >  1 ). 


3.3  Gravito-electrodynamics  of  dust  in  an  electric  cusp: 
effects  of  gravity 

So  far  we  have  neglected  the  graviational  force  onto 
the  dust  grain.  This  subsection  takes  into  account  the 
effect  of  gravity,  but  for  the  nonrelativistic  case  and  only 
under  a  constant  gravitational  force,  focusing  on  how  the 


3.4  Applications  to  dust  dynamics  under  horizontal 
thundercloud  electrification 


Suppose  two  clouds  of  opposite  polarities  with 
charges  ^  =  ±50  Coulombs,  facing  each  other  horizontally 
at  a  height  of  //  =  1,000  m  with  a  horizontal  distance  of  2/ 
=  10  m  which  constitutes  a  quadrupole  with  their  images 
onto  the  ground,  and  an  electric  cusp  with  its  center  on 
the  ground  surface.  We  now  consider  the  motion  of  a 
aluminum  dust  grain  of  mass  density  p- 1.69  g/cm^  when 
it  is  launched  from  the  cusp  center  to  the  atmosphere  (di¬ 
electric  constant  So).  Substituting  these  values  into 
Eqs.(22)  or  (24),  we  have  a  height  profile  of  the  particle 
velocity  as  shown  in  Fig.4,  where  7  =  7.976  x  10^  [m^/s^] 
from  Eq.(18)  and  the  solid  and  dashed  lines  represent  the 
exact  solution  and  its  linear  approximation  without  gravi¬ 
ty.  Its  velocity  increases  with  increasing  height,  more  rap¬ 
idly  as  it  approaches  the  cloud  height  {h  -  1,000  m), 
reaching  a  maximum  as  high  as  --  800  m/s,  around  which 
the  effect  of  gravity  no  longer  exists.  Beyond  this  height. 


Fig.4.  A  height  profile  of  uncharged  dust  velocity, 
it  turns  to  abrupt  deceleration.  After  the  grain  reaches  a 
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mirror  point  where  p  =  0  and  if  V({<  without  gravity  or 
with  gravity,  the  particle  turns  downwards  falling 
to  the  ground  where  its  downward  speed  goes  back  to  its 
initial  velocity  i^c,  terminating  half-turn’s  journey.  Con¬ 
versely,  if  Vo  >  Vm  without  gravity  or  Vq  >  i;mg  with  gravity, 
the  dust  grain  tends  to  escape  from  the  electric  mirror, 
continuing  to  run  upwards. 

Consequently,  dust  grains  with  velocities  beyond  the 
escape  velocity  or  z;mg  tend  to  be  distributed  or  accu¬ 
mulated  beyond  the  mirror  point  one  after  another  in  or¬ 
der  of  Vq  partly  with  the  aid  of  collisions  and/or  pressure 
gradient,  and  partly  due  to  additional  electric  fields,  local 
and/or  global,  resulting  in  formation  of  a  diffuse  dust  lay¬ 
er  or  dust  distributions.  This  might  occur  beyond  a  height 

ofy>  ^2h  =2,000  m  when  Vq  >  i?mg  =  over  a  very 

wide  range  between  the  clouds  and  the  ionosphere. 

In  addition,  there  may  be  a  large  amount  of  reflected 
and  trapped  dust  grains  within  electric  mirrors,  part  of 
which  tends  to  form  a  difftise  dust  layer  just  below  the 
mirror  point  with  the  aid  of  collisions  and/or  pressure 
gradient.  Accordingly,  two  kinds  of  diffuse  dust  layers 
could  be  expected  below  and  beyond  the  mirror  point  by 
trapped  dust  grains  and  by  escaping  grains,  respectively. 
Thus,  the  presence  of  dust  and  aerosols  is  thought  to  af¬ 
fect  a  whole  population  of  the  atmosphere  and  iono¬ 
sphere,  for  instance  as  proved  by  a  height  profile  of  aero¬ 
sol  concentrations  exhibiting  a  minimum  around  a  height 
of  --5  km  [5]  which  might  correspond  to  a  mirror  point  for 
dust  particles.  Thus,  the  presence  of  dust  and  aerosols  is 
thought  to  affect  a  whole  population  of  the  atmosphere 
and  ionosphere,  causing  a  variety  of  pre-earthquake  ef¬ 
fects  observed  from  ground,  balloons  as  further  discussed 
in  the  next  section. 

For  a  cloud-layer  formation  like  a  longitudinal  se¬ 
quence  of  quadrupoles  with  vertically  periodic  cusps,  a 
dust  grain  will  repeat  acceleration  and  deceleration  alter¬ 
nately  every  passing  of  a  cusp  center  and  quadrupole 
boundary,  respectively,  finally  reaching  a  mirror  point  of 
the  system  like  the  case  of  a  single  quadrupole. 

4.  PRE-EARTHQUAKE  ATMOSPHERIC  AND 
IONOSPHERIC  EFFECTS 

Relevance  of  the  electric  cusp  and  reconnection  model 
to  pre-earthquake  atmospheric  and  ionospheric  effects  has 
been  indicated  in  an  attempt  to  interpret  a  variety  of  those 
effects  and  to  unite  the  processes  in  the  earth’s  crust, 
atmospheric  electricity,  and  ionosphere  [2,  6].  They  are 
phase  variations  of  VLF  signals  and  intensity  variations  of 
HF  signals  on  passes  over  the  epicenter  of  preparing 
earthquake,  appearance  or  increase  of  E^  layers  and 
additional  layers,  spread  phenomena  of  bottom  side 
ionograms,  large-scale  variations  of  electron  density  in  F- 
layer,  strong  plasma  density  depletion  within  the  upper 
atmosphere  over  the  region  of  the  preparing  earthquake, 
and  emanation  of  aerosol  particle  by  the  crust  with  a  large 
content  of  metals  before  and  some  time  after  the 
earthquake.  This  could  be  explained  by  acceleration  of 


microparticles  produced  from  fluidity  of  hard  materials 
due  electric  reconnection  of  piezoelectric  fields  and  by 
their  injection  into  the  atmosphere. 

On  the  basis  of  Sec.  3,  it  can  be  stated  that  the  main 
causes  of  a  variety  of  these  pre-earthquake  atmospheric 
and  ionospheric  phenomena  are  thought  to  be  attributed 
to  roles  of  dust  produced  in  the  earth’s  crust,  ejected  into 
the  atmosphere,  and  affected  by  electric  fields  and  space 
charges,  in  particular  by  electric  cusps-mirrors  of  quadru- 
pole-like  thundercloud  configurations. 

If  an  additional  vertical  electric  field  is  present,  both 
uncharged  and  charged  grains  could  gain  energy  from  the 
field,  increasing  their  kinetic  energy  continuously  and  re¬ 
sulting  in  overall  acceleration.  In  particular,  penetration  of 
metallic  ions  and  aerosols  into  the  ionosphere  [3,  6]  might 
be  attributed  to  such  additional  joint  effects. 

5.  CONCLUSIONS 

Exact  and  approximate  solutions  of  dust  dynamics  in 
an  electric  cusp  formed  by  a  quadrupole  reveal  the 
following  findings: 

(1)  A  new  kind  of  electric  force  is  exerted  on  a  dust 
particle,  uncharged  or  charged,  by  electric  reconnection, 
leading  to  particle  acceleration  in  an  electric  cusp  . 

(2)  A  horizontal  electrification  of  thunderclouds  can 
form  a  quadrupole-like  configuration  and  constitutes 
electric  mirrors  where  uncharged  and/or  charged  particles 
can  be  trapped,  analogously  to  magnetic  mirrors,  al¬ 
though  its  mirror  is  influenced  and  modified  with  gravity. 

(3)  Two  kinds  of  diffuse  dust  layers  could  be  expec¬ 
ted  below  and  beyond  the  mirror  point  by  trapped  dust 
grains  and  by  escaping  grains,  respectively  under  the  in¬ 
fluence  of  horizontal  thunderclouds. 

(4)  The  presence  of  dust  and  aerosols  is  thought  to 
affect  a  whole  population  of  the  atmosphere  and  iono¬ 
sphere,  causing  a  variety  of  pre-earthquake  effects 

(5)  The  main  causes  of  a  variety  of  these  pre-earth¬ 
quake  atmospheric  and  ionospheric  phenomena  are 
thought  to  be  attributed  to  roles  of  dust  produced  in  the 
earth’s  crust,  ejected  into  the  atmosphere,  and  affected  by 
atmospheric  electric  fields  and  space  charges,  in  particu¬ 
lar  by  electric  cusps-mirrors  of  quadrupole-like  thunder¬ 
cloud  configurations. 
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While  atmospheric  and  laboratory  fireballs  can  be 
classified  in  general  into  two  types  in  mechanism:  con¬ 
tinuing  external  source  and  self-sustaining  internal 
source  model,  it  is  shown  that  the  former  type  can  be 
renovated  to  a  rather  simple  physical  form,  based  on 
two  novel  concepts  of  "electric  reconnection  ’  and  'criti¬ 
cal  ionization  velocity  \  Specifically,  as  its  examples,  an 
attempt  is  made  to  explain  two  kinds  of  plasmoid;  one  is 
long-lived  laboratory  fireballs  produced  in  a  cold  su¬ 
personic  gas  flow  in  the  laboratory  and  the  other  is  air¬ 
plane-associated  ball  lightning  obser\>ed  inside  and 
outside  the  plane,  based  on  two  concepts  mentioned 
above  with  the  aid  of  additional  effects  of  dusty  materi¬ 
als  involved  such  as  diffuse  metals  (e,g.  electrode  mate¬ 
rial)  and  carbon-containing  substances  {e.g.  insulator 
material). 

1.  INTRODUCTION 

The  general  view  that  the  appearance  of  ball  light¬ 
ning  is  usually  associated  with  thunderstorm  activity 
implies  that  the  energy  source  of  ball  lightning,  some¬ 
how,  goes  back  to  the  electrostatic  energy  stored  in 
thunderclouds.  The  problem  is,  therefore,  how  electro¬ 
static  energy  is  converted  to  the  ball  energy  through 
various  processes.  In  general,  two  types  of  mechanism 
have  been  postulated  to  account  for  the  prolonged  lumi¬ 
nosity  of  balls:  either  some  external  source  of  energy 
provides  a  continuing  input  to  maintain  the  object  (an 
external  input  source  mechanism)  or  the  ball  itself  con¬ 
tains  some  source  of  energy  to  maintain  its  form  and 
output  (a  self-sustaining  mechanism)  [1]. 

A  number  of  continuing  external  energy-source  mod¬ 
els  proposed  so  far  for  the  former  type  have  been  reno¬ 
vated  to  a  rather  simple  physical  form,  based  on  two 
novel  concepts  of  ‘electric  reconnection’  and  ‘critical 
ionization  velocity’  (e.g.  [2]).  Such  a  model  with  a  se¬ 


quence  of  processes  is  introduced  briefly  in  Sec.2. 

For  applications  of  this  model  to  specific  problems. 
Sec,  3  takes  up  a  recent  report  of  stable,  long-lived  labo¬ 
ratory  plasmoids  produced  in  a  cold  supersonic  gas  flow 
in  a  wind  tunnel  to  be  explained  in  terms  of  critical  ioni¬ 
zation  velocity.  In  close  relation  to  these  laboratory  fire¬ 
balls,  airplane-associated  ball  lightning  observed  in  the 
atmosphere  [3,  4]  is  explained  on  the  basis  of  a  general 
model  described  in  Sec.2,  using  a  scenario  similar  to  the 
case  of  rocket-triggered  lightning  [5]  in  Sec.4. 

2.  A  CONTINUING  EXTERNAL  SOURCE  MODEL 

BASED  ON  ELECTRIC  CUSP,  RECONNEC¬ 
TION,  AND  CRITICAL  VELOCITY 

Electric  cusp  is  an  electrically  neutral  point,  line  or 
sheet,  across  which  the  electric  field  reversal  occurs,  and 
is  thought  to  be  a  source-origin  ol. electric  reconnection, 
analogous  to  magnetic  cusp  for  magnetic  reconnection. 

A  simplest  and  idealized  form  of  electric  cusp  can  be 
obtained  ft-om  a  symmetrica!  quadrupole  configuration  as 
shown  on  the  left  panel  (a)  in  Fig.  1  and  its  center  of  di¬ 
agonal  forms  an  electric  cusp  around  which  a  low  elec¬ 
tric  field  region  is  attained  as  indicated  by  a  stippled  area. 
The  middle  panel  (b)  in  Fig.  1  constitutes  a  dipole  above  a 
conducting  plane  or  ground,  and  is  equivalent  to  the 
left  panel  (a)  for  the  electric  fields  on  and  above  the 
ground  plane  which  can  be  replaced  by  an  image  of  the 
dipole.  The  right  panel  (c)  in  Fig.l  shows  a  monopole 
placed  symmetrically  between  two  intersecting  conduc- 
ting-half  planes  perpendicular  each  other  and  is  also 
equivalent  to  the  panels  (a)  and  (b)  for  the  electric  fields 
on  and  between  the  two  half-planes  whicn  can  be  re¬ 
placed  by  three  mirror  images  of  the  monopole.  Thus, 
these  three  panels  are  essentially  the  same  due  to  the 
symmetrical  configurations. 

Electric  reconnection  is  a  phenomenon  in  which 
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(a)  Quadruple  (b)  Dipole  (c)  Monopole 

Fig.  1 .  The  simplest  form  of  an  electric  cusp,  (a);  quadrupole;  (b):  dipole;  (c):  monopole. 


electric  field  lines  in  one  direction  tend  to  connect  to 
other  adjacent  field  lines  in  the  opposite  direction  and  by 
which  energy  stored  in  electric  fields  is  released  rapidly 
to  be  transferred  to  kinetic  energy  of  particles  or  flow 
generation  and  ionization  energy  of  the  background  gas, 
causing  a  critical  ionization  flow. 

Critical  ionization  velocity  is  an  upper  limit  of  rela¬ 
tive  velocity  of  two  counter-streams  of  charged  particles 
or  ionizd  and  neutral  gases,  at  which  velocity  a  strong 
collective  interaction  occurs,  causing  ionization  of  neu¬ 
tral  gas,  regardless  of  gas  pressure. 

When  a  dust  grain  (uncharged  or  charged)  is  placed 
in  an  electric  cusp,  the  electric  field  configuration  around 
the  particle  or  object  changes  drastically  nearly  from  zero 
to  infinite  (very  high)  field  intensity  in  such  a  way  that 
electric  field  fluxes  in  both  directions  (opposite  to  each 


other)  tend  to  merge  the  particle  inducing  or  polarizing 
tiny  quadrupole-like  charges  in  it,  naturally  leading  to 
dust  related-electric  reconnection.  This  produces  strong 
local  electric  fields,  and  if  it  is  high  enough,  causing  gas 
breakdown  and  surface  discharge.  Consequently,  elec¬ 
trons  and  ions  in  the  surface  corona  are  first  quickly  ac¬ 
celerated  in  the  form  of  radial  EHD  shock,  gaining  kinet¬ 
ic  or  flow  energy  from  electrostatic  energy  in  the  envi¬ 
ronment  by  electric  reconnection  and  subsequent  energy 
conversion  processes.  As  soon  as  preceding  electrons 
and/or  ions  reach  their  critical  ionization  velocities,  their 
kinetic  or  flow  energy^  goes  abruptly  to  ionization  energy. 
As  a  result,  electrons  and/or  ions  are  forced  to  stop, 
forming  a  spherical  plasma  layer  around  a  nucleus  of  the 
dust  grain  or  aerosol.  Then,  electric  field  lines  are  frozen- 
in  to  the  solid  particle  or  dust  grain  as  long  as  the  elec- 


PiPlasmoid  (Atnio.Si)hcric)  or  Fire  Ball 
G !  Conducting  or  Dielectric  Body  (Grain) 


S: Surface  Discharge  and  Ionization  by  Surface 
Conducting  and/or  Discliarge  Current 
(Surface  Corona) 


Fig.2.  Schematic  of  ball  lightning  formation. 
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trostatic  energy  of  the  environment  is  available  for  pro- 
viding  the  ball  with  a  continuing  power  source  and  tend 
to  remain  unchanged,  resulting  in  the  steady  supply  of 
energy  necessary  for  sustaining  a  fireball-plasmoid  for  a 
long  time.  Such  a  whole  process  of  fireball  formation  is 
illustrated  schematically  in  Fig.  2. 

There  are,  however,  a  couple  of  modifications  to  the 
standard  process  just  described.  One  of  them  is  the  case 
when  a  sizeable  object  is  inserted  in  an  electric  cusp  in¬ 
stead  of  a  small  particle  as  discussed  in  Sec.4.  Then,  the 
location  of  possible  fireball  formation  becomes  a  leader 
head  where  its  velocity  reaches  the  critical  velocity  of  the 
background  gas. 

Another  modified  case  is  the  more  basic  one  of  two 
counter  streams  of  charged  particles  or  ionizd  and  neu¬ 
tral  gases.  Then,  the  location  of  possible  fireball  forma¬ 
tion  becomes  a  point  where  the  velocity  of  charged  par¬ 
ticle  or  plasma  flow  reaches  the  respective  critical  veloc¬ 
ity,  namely  electron,  ion,  and  atom  critical  velocities 
which  are  defined  together  as 

1  2 

—m^Vy^  ^eV\{v=-:  electron,  +:  ion,  and  a:  atom)  (1) 

where  Wv.and  Vyc2ire  the  mass  and  critical  velocity  of 
species  v,  e  the  electronic  charge,  and  V\  is  the  ionization 
potential  of  the  neutral  component;  V-  c,  c,  and  re¬ 
present  electron,  ion,  and  atom  critical  velocities,  res¬ 
pectively. 

In  discharge  physics,  it  is  well  known  that  electron 
and  ion  drift  velocities  are  generally  expressed  as  a  mon- 
otonically  increasing  function  of  a  parameter  Elp,  where 
E  is  the  electric  field  and  is  the  gas  pressure,  and  which 
may  be  termed  the  relative  electric  field  intensity.  In  gen¬ 
eral,  both  drift  velocities  are  propotional  to  Elp  at  rela¬ 
tively  low  electric  field  intensities,  but  they  tend  to  be 
propotional  to  (£■//?) ^^^  with  increasing  relative  field  in¬ 
tensity,  transferring  from  elastic  to  inelastic  collisions 
with  the  background  gas  and  eventually  tend  to  saturate 
to  certain  values,  since  particle’s  kinetic  energy  is  con¬ 
verted  to  excitation  and/or  ionization  energy. 

Consequently,  both  electron  and  ion  drift  velocities 


r/piV/m  nlttO 


Fig.3.  Electron  drift  velocity  and.  electron  critical 
velocity  in  gases. 


tend  to  saturate,  most  likely  approaching  their  critical 
velocities  at  certain  values  of  Elp. 

Combining  a  new  critical-velocity  model  described 
above  with  a  conventional  drift-velocity  model,  one  can 
write  as 

v^~PiElp  fori?id<2?ic  and  (2) 

1  2  1  7 

—  ntj)^  d  =  y  c  -eVx  for  d  c ,  (3) 

where  and  are  the  drift  and  the  critical  velocity, 
respectively,  p  the  mobility,  e  the  electronic  charge,  m 
and  V\  the  mass  and  ionization  potential  of  the  neutral  gas, 
+  and  -  refer  to  ions  and  electrons. 

For  example,  electron  and  ion  drift  velocities  transfer 
to  electron  and  ion  critical  velocities,  [u>.c]o  =  2.18  x  10^ 
m/s  at  Elp-2.S  x  10®  V/m*  atm  and  [v^  c  ]o  ~  127  x  10"^ 
m/s  at  Elp'-'  4x10^  V/m*  atm  for  oxygen  and  [V-  c]n  = 
2.26  X  10^ m/s  dXEIp--\2  x  10®V/m*atm  and  [i^+cIn  “ 
1.41  X  lO'*  m/s  at  Elp--  4.7  x  10^  V/m*atm  for  nitrogen. 
This  is  explained  in  Figs.3  and  4  in  terms  of  a  Elp  de¬ 
pendence  of  drift  velocities,  unifying  low  and  high  pres¬ 
sure  gases  in  relation  to  crititical  velocities. 

Going  back  to  plasmoid  formation,  there  may  be 
additional  effects  for  sustaining  fireballs  in  the  presence 
of  dusty  particles,  aerosols,  and  other  materials.  In  this 
case,  a  dust  grain  or  aerosols  at  leader  space-charge  head 
could  become  a  nucleus  of  plasmoids,  as  discussed 
specifically  in  the  following  sections. 

3.  LABORATORY  FIREBALLS  IN  A  SUPERSONIC 
GAS  FLOW  IN  A  WIND  TUNNEL 

In  this  section,  an  attempt  is  made  to  explain  stable, 
long-lived  laboratory  fireballs  or  plasmoids  produced  in  a 
cold  supersonic  gas  flow  (M~2,  Tst'^150°K)  by  Klimov- 
Bychkov,  using  three  types  of  methods:  high-frequency 
Tesla  (HF)  generator;  microwave  (MW)  generators;  and 
erosive  high  voltage  pulse  discharge  in  a  wind  tunnel  [6]. 

High  energetic  long-lived  non-equilibrium  ball-type 


Fig.  4.  Ion  drift  velocity  and  ion  critical  velocity  in 
gases. 
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plasmoids  created  by  HF  and  MW  methods  have  two 
different  types:  diffuse  and  structural  filament  plasmoids, 
while  high  energetic  long-lived  non-equilibrium  cluster 
plasma  jets  and  cluster  plasmoids  (CP)  were  generated  by 
erosive  high  voltage  pulse  discharge. 

According  to  laboratory  observations,  the  velocity  of 
plasma  precursor  preceding  a  cold  supersonic  gas  flow 
could  be  as  high  as  ~I0  km/s  in  the  presence  of  an  exter¬ 
nal  electric  field.  It  is  inferred  that  this  value  of  velocity 
may  correspond  to  the  atom  critical  velocity  of  the  back¬ 
ground  gas  or  air,  typically  m/s  (1.27x10'^  m/s  at 
Elp  ~  4x10"^  V/m*  atm  for  oxygen  and  1.41x10'^  m/s  at 
Eip  -  4. 7 X 1  O'*  V/m  •  atm  for  nitrogen),  and  when  the  rela¬ 
tive  velocity  of  two  fluids  between  the  precursor  plasma 
and  background  gas  or  air  reaches  its  critical  velocity,  a 
strong  interaction  between  two  fluids  takes  place,  lead¬ 
ing  to  collective  avalanche  ionization  of  the  neutral  gas, 
the  so-called  ‘critical  ionization’  as  described  in  Sec. 3. 

A  new  cluster  plasma  thus  produced  by  critical  ioni¬ 
zation  may  be  cooled  by  the  following  cool  supersonic 
gas  flow,  liquid  nitrogen  and  other  dusty  components, 
leading  to  ‘plasma  condensation’  effective  for  a  long- 
lived  non-equilibrium  state,  and  to  creation  of  plasma 
structures  like  ‘streamers’  by  applying  charged  molecular 
clusters,  aerosols,  dusty  particles,  and  other  methods. 
This  may  also  provide  the  plasmoid  with  its  nucleus, 
making  its  life  time  longer  considerably. 

Although  various  processes  associated  with  cooling 
effects  and  long  stability  of  fireballs  or  plasmoids  are  still 
largely  open  problems  for  further  investigations,  it  is 
claimed  that  the  source-origin  or  main  cause  of  fireballs, 
somehow,  could  be  attributed  to  a  manifestation  of  ‘crit¬ 
ical  velocity  effect’  between  two  fluids  of  a  precursor 
plasma  and  a  background  gas,  and  then  additional  ef¬ 
fects  lead  to  different  types  of  plasmoid  as  mentioned 
above. 

Another  interesting  observation  is  plasmoid’ s  motion 
through  a  thin  channel,  tube  or  hole  of  several  mm  in 


diameter  with  a  long  length  (upto  1  m),  exhibiting  its 
soap -bubble-like  compressibility  and  deformablity.  Such 
a  behavior  of  plasmoid  is  thought  to  be  caused  by  the 
properties  of  containing  substances  such  as  metals  and 
polymers  [7].  These  laboratory  observations  could  apply 
to  an  explanation  for  fireballs  observed  inside  airplanes, 
as  described  in  the  next  section. 

In  addition,  there  are  some  other  effects  associated 
with  ball  production.  One  of  them  is  generation  of  ex¬ 
cited  molecules  with  high  concentration,  e.g.  >  10*V 
cm^in  a  large  volume  V>  1,000  cm^  [6].  This  is  because 
collisions  between  a  plasma  beam  and  background  gas 
become  inelastic  already,  causing  dissociation,  i.e.  mo¬ 
lecular  excitation  of  the  background  neutral  gas  before 
the  relative  velocity  reaches  the  critical  velocity  and  ioni¬ 
zation  takes  place. 

4.  AIRPLANE-ASSOCIATEDBALL  LIGHTNING 

This  section  attempts  to  apply  a  general  model  of  ball 
lightning  based  on  electric  reconnection  and  critical 
velocity  specifically  to  airplane-associated  ball  lightning 
outside  in  the  atmosphere  and/or  inside  the  plane.  To 
effect  this,  relative  locations  of  the  airplane  and  cloud 
charges  may  play  a  key  role  in  making  the  basic  model 
feasible.  In  order  to  make  an  electric  reconnection  con¬ 
cept  feasible,  the  airplane  must  be  moving  horizontally 
between  two  clouds  with  opposite  polarities  or  more 
generally  be  invading  an  electric  cusp  formed  by  a  hori¬ 
zontal  dipole-like  cloud  charges  with  their  images  onto 
the  ground,  thereby  forming  a  quadrupole,  similar  to  the 
case  of  rocket -triggered  lightning  [5].  This  can  be  prov¬ 
ed  by  referring  to  a  good  correlation  between  frequency 
of  fireball  observations  outside  airplanes  during  a  year 
and  frequency  of  flash  observations  in  ‘stratified  clouds’ 
during  a  year,  obtained  by  Amirov  and  Bychkov  [8],  In 
this  connection,  there  are  many  possibilities  of  leaders 
starting  from  a  sharp  portion  of  the  airplane,  typically  its 


Fig.5.  Airplane-associated  ball  lightning. 
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front  tip  or  tail  and  advancing  toward  one  of  the  clouds. 
The  leaders  can  be  positive  or  negative,  moving  toward 
the  negative  or  positive  clouds,  respectively.  Then,  there 
may  be  a  chance  for  leaders  to  be  forced  to  stop  as  a 
result  of  conversion  of  kinetic  or  flow  to  ionization  ener¬ 
gy  and  no  continuing  energy  supply  sufficient  for  further 
advancement.  Thus,  space  charges  at  leader  head  could 
create  a  fireball,  possibly  with  a  nucleus  of  dust  grain, 
rather  close  to  the  airplane.  With  the  aid  of  dust  sub¬ 
stances  (e.g.,  emanated  from  a  plane-tip)  contained  in  the 
leader,  the  ball  tends  to  remain  there  longer  as  long  as 
partial  energy  supply  for  sustaining  the  ball  still  lasts,  as 
indicated  by  laboratory  fireballs. 

A  possible  scheme  with  a  whole  process  for  airplane- 
associated  ball  lightning  is  schematically  shown  in  Fig. 5, 
where  the  airplane  is  moving  horizontally,  invading  an 
electric  cusp  of  a  quadrupole-like  configuration  formed 
by  horizontal  thundercloud  charges  and  their  images  onto 
the  ground.  A  positive  leader  initiated  from  the  tip  of  the 
plane,  and  moved  toward  the  cloud  with  negative 
polarity  with  a  velocity  of -10"*  m/s  (Secs.3  and  4)  upto  a 
point  between  the  plane  tip  and  the  cloud  where  the 
leader  was  forced  to  stop,  losing  its  kinetic  energy  which 
was  converted  partly  into  ionization  energy  for  the  air, 
and  partly  ball  energy,  possibly  with  a  nucleus  of  dust 
around  the  leader  head.  Similarly,  it  may  be  possible  for  a 
negative  leader  to  start  from  a  plane  tip  or  tail  when 
facing  a  positive  cloud  and  to  form  a  plasmoid  in  the 
same  way. 

Consequently,  fireballs  observed  outside  airplanes 
could  be  explained  as  a  manifestation  of  joint  effects  of 
‘electric  reconnection’  and  'critical  ionization  velocity’, 
similar  to  the  case  of  rocket-triggered  lightning  [5],  and 
further  with  additional  effects  of  dust  substances. 

We  next  proceed  to  an  explanation  for  fireballs  inside 
airplanes.  As  stated  in  the  preceding  section,  a  plasmoid 
can  get  through  a  thin  channel,  tube  or  hole  with  a  long 
length,  exhibiting  its  soap-bubble-like  compressibility  and 
deformablity  with  the  aid  of  containing  dust  sub-stances. 
There  may  be  a  number  of  thin  channels  or  hole  spaces 
connecting  outside  and  inside  a  plane,  through  which  a 
fireball  produced  outside  the  plane  can  invade  inside  the 
plane  rather  easily  as  proved  by  basic  labora-tory 
experiments  described  in  Sec.  3. 

5.  CONCLUSIONS 

A  continuing  external  source  model  of  ball  lightning, 
based  on  concepts  of  ‘critical  ionization  velocity’  and 
‘electric  reconnection’  has  been  applied  specifically  to 
two  kinds  of  fireballs;  one  is  long-lived  laboratory  plas- 
moids  observed  in  a  cold  supersonic  gas  flow  and  the 
other  is  airplane-associated  ball  lightning  inside  and  out¬ 
side  the  plane. 

Explanations  for  them  are  summarized  below: 

(1)  Stable  long-lived  laboratory  fireballs  are  thought  to 
be  produced  by  combined  effects  of  critical  ionization 
velocity  and  plasma  condensation  between  two  fluids  of 
precursor  plasma  and  a  supersonic  gas  flow  and  by 


additional  effects  of  dust  components  involved,  such  as 
aerosols,  diffiise  metals,  carbon-  or  polymer-containing 
substances 

(2)  Observed  plasmoid’ s  motion  through  a  thin  channel, 
tube  or  hole  vrith  a  long  length  could  be  attributed  to  its 
soap-bubble-like  compressibility  and  deformablity  due  to 
dust  components  involved  in  ball  formation. 

(3)  Airplane-associated  ball  lightning  outside  the  plane  is 
thought  to  be  produced  by  joint  effects  of  electric  recon¬ 
nection  and  critical  ionization  velocity  when  an  airplane 
is  invading  an  electric  cusp  formed  by  a  quadrupole-like 
configuration  of  horizontal  thundercloud  charges  with 
their  images  onto  the  ground  and  by  additional  effects  of 
dust  components. 

(4)  Ball  lightning  observed  inside  the  plane  is  inferred  to 
be  reappearance  of  a  plasmoid  produced  outside  the 
plane  and  getting  through  a  thin  channel  or  hole  space 
connecting  the  inside  and  outside  the  plane,  due  to  its 
soap-bubble-like  compressibility  and  deformablity,  as 
proved  by  laboratory  experiments. 
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1 .  INTRODUCTION 

Modification  of  terrestrial  electromagnetic 
environment  due  to  dusty  particles  and  particularly 
due  to  their  collective  interaction  is  topics  of 
intensive  research  efforts  recently  [1].  In  the 
present  paper  we  shortly  review  different  ways  of 
dust  (aerosol)  particle  influence  on  the  terrestrial 
electromagnetic  environment  and  modern  methods 
of  their  theoretical  treatment.  Special  attention  is 
paid  to  the  basic  ideas  and  applications  of 
electrohydrodynamic  (EHD)  description  of  weakly 
conducting  media  with  the  presence  of  aerosols 
and  highly  charged  hydrometeors.  Electrical 
implications  of  active  large-scale  processes  in  the 
atmosphere  (thunderstorms,  mesoscale  convective 
systems,  dust  and  snowstorms,  volcanic  eruptions) 
are  of  great  importance.  In  this  connection  we 
present  a  short  summary  of  experimental  data  and 
give  some  basic  physical  ideas  of  their  theoretical 
treatment.  In  particular,  we  consider  the  inductive 
charging  of  aerosol  particles  in  a  weakly 
conducting  medium  and  note  its  high  efficiency  for 
electric  field  structures  formation. 

2.  ELECTRIC  STRUCTURE  OF  THE 
ATMOSPHERE 

It  is  well  known,  that  the  ionosphere  has  a 
potential  of  several  hundred  thousand  volts  with 
respect  to  the  Earth’s  surface.  According  to  the 
classical  picture  of  the  global  atmospheric  electric 
environment  [2],  this  potential,  supported  primarily 
by  the  thunderstorm  activity  all  over  the  world, 
drives  a  vertical  electric  conduction  current 
downward  from  the  ionosphere  to  the  ground  in  the 
fair  weather  regions.  The  fair  weather  current 
depends  upon  the  ionospheric  potential  and  the 
columnar  resistance  between  the  ionosphere  and 
the  ground.  Horizontal  currents  flow  freely  along 
the  highly  conducting  Earth’s  surface  and  in  the 
ionosphere.  A  current  flows  upward  from  a 


thunderstorm  cloud  top  toward  the  ionosphere  and 
also  from  the  ground  into  the  thunderstorm 
generator,  closing  the  circuit. 

Rather  simple  quasi-stationary  picture, 
described  above,  is  referred  usually  as  a  “global 
electric  circuit".  When  treating  the  electrical 
phenomena  in  the  atmosphere  and  coupling 
between  them,  this  simplified  concept  is  often 
helpful  as  a  “zero"  approach  to  the  real 
nonequlibrium  Earth’s  electrical  system.  Over  the 
recent  decade  many  efforts  have  been  undertaken 
both  in  observation  and  theoretical  modelling 
providing  substantial  progress  in  understanding  the 
dynamics  and  structure  of  the  global  circuit.  Now 
the  global  electric  circuit,  treated  in  a  generalized 
sense  as  a  complicated  dynamical  system,  is 
considered  as  an  important  link  of  geospheric 
shells  coupling,  which  should  be  taken  into 
account  when  considering  the  modification  of  the 
terrestrial  electromagnetic  environment  in  the 
presence  of  dust  and  aerosol  particles.  It  is  evident 
now  that  aerosol  distributions  (including  water 
droplets  and  ice  crystals)  in  the  troposphere  and 
lower  stratosphere  substantially  influence  the  main 
parameters,  characterizing  quasi-equilibrium  state 
of  the  global  circuit  -  atmospheric  conductivity 
(and  therefore  the  columnar  resistance),  air-earth 
current  and  electric  field.  Layers  of  an  increased 
aerosol  density  can  significantly  reduce  the 
atmospheric  conductivity  due  to  attachment  of 
small  ions  to  this  aerosol  particle  [3]. 

Volcanic  eruptions,  forest  fires,  biomass 
burning  and  large  dust  storms  can  temporally 
disturb  the  character  of  upper  tropospheric 
aerosols  and  therefore  electrical  variations.  The 
raising  of  the  dust  particles  from  the  ground  is 
known  to  produce  large  electrical  effects,  which 
considerably  alter  the  fair  weather  electrical  state 
of  the  atmosphere  [4].  Recent  field  observations 
performed  during  dust  storms  in  the  semi-deserts 
of  California  and  Kalmykia  showed  electric  field 
change  from  positive  values  100-400  V/cm  (which 
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exceeds  more  than  two  orders  the  mean  value  of 
the  fair  weather  field  strength)  at  the  distance  2-8 
km  from  the  dust  source,  to  the  negative  values  - 
100-200  V/cm  at  the  distance  30-80  km  [5],  It  may 
be  explained  by  the  contact  electrification  of  the 
surface  loess-like  soils  during  their  intense  wind 
erosion. 

The  most  spectacular  manifestations  of 
permanent  electrical  activity  in  the  atmosphere  as 
connected  to  aerosol  (hydrometeors)  particle 
implication  are  related  to  thunderstorm  activity. 
Some  others  are  coupled  to  fair  weather  electricity 
as  the  inherent  part  of  the  global  atmospheric 
electric  circuit.  Both  them  can  be  properly  analyses 
under  electrohydrodynamic  (EHD)  approach  [1 ,6]. 

A  thunderstorm  as  a  generator  of  the 
global  circuit  is  a  key  element  in  the  field.  In  fact,  it 
is  a  distributed  EHD  generator,  based  on  the 
charge  separation  on  colliding  aerosol  particles 
and  their  redistribution  by  an  air  flow  [7].  A  number 
of  recent  studies  were  devoted  to  the  experimental 
investigation  of  severe  thunderstorms  and 
mesoscale  convective  systems,  including  the  fine 
structure  of  electric  field,  the  generation  of 
abnormaly  great  space  charges,  their  distribution 
and  dynamics  over  the  cloud,  electric  field 
evolution  before  a  cloud-to  ground  lightning  flash 
and  just  after,  conditions  of  an  anvil  formation  etc. 
(see  [8]  for  a  detailed  review).  Now  the  active 
methods  for  thundercloud  investigation,  like  the 
artificially  triggered  lightning,  are  widely  used  and 
give  substantial  information.  Some  new  ideas 
concerning  active  diagnostics  of  severe 
thunderstorms  are  suggested. 

Lightning  induced  transient  luminous 
events  in  the  lower  ionosphere  should  be  noted  as 
the  most  intriguing  phenomena  of  the  recent 
decade  [9].  The  video  observations  have  shown 
that  certain  types  of  lightning  may  create  optical 
effects  in  the  middle  and  upper  atmospheres 
between  the  cloud  tops  of  thunderstorms  and  the 
lower  ionosphere.  These  observations  have  been 
otained  from  the  ground,  from  the  space  shuttle 
and  from  aircraft.  At  least  two  distinct  types  of 
optical  effects  have  been  documented:  red  sprites, 
large  red  luminous  structures  centered  in  the 
mesosphere,  but  possessing  upward  and 
downward  appendages  spanning  the  altitude 
range  40-95  km:  blue  jets,  narrow,  upward  directed 
cones  of  blue  light  emanating  directly  from  the  tops 
of  active  thunderstorm  systems  and  propagating 
upward  to  altitudes  of  approximately  40  km.  Up  to 
now  a  number  of  different  theoretical  models  for 
blue  jets  and  red  sprites  generation  has  been 
devoted,  including  the  runaway  air  breakdown 
mechanism  [9].  The  latter  is  considered  also  as  a 
mean  to  explain  the  measured  X-ray  emissions, 
associated  with  lightning  and  perhaps  producing 
the  occasional  gamma-ray  bursts.  Whatever  the 
mechanism  is  analysed,  the  penetration  of 


quasistatic  electric  field  In  the  lower  ionosphere  is 
the  most  important  stage,  which  is  far  from 
completion  now.  It  is  clear,  however,  that  this 
process  depends  substantially  on  the  chrge 
distribution  in  a  thundercloud  and  the  features  of 
the  cloud-to-ground  lightning  channel  development 
[lOj.  Further  progress  in  understanding  the 
terrestrial  electromagnetic  environment  requires 
the  study  of  the  role  of  lightning  induced  transients 
in  the  global  circuit  dynamics. 

A  major  goal  in  studying  atmospheric 
electricity  has  long  been  the  separation  of  local 
effects  in  order  that  the  pattern  of  global  scale 
might  emerge.  During  the  past  decade  new  results 
concerning  local  processes  recognition  and  their 
influence  on  the  electrical  structure  of  the  global 
electric  circuit  have  been  derived.  ULF  pulsations 
of  electric  field  and  electric  current  in  the  surface 
atmospheric  layer  were  investigated  under  fair 
weather  conditions.  A  new  method  of  structural- 
temporal  analysis  has  been  firstly  applied  to  the 
study  of  spatio-temporal  structures  of  the  electric 
field  [11].  This  analysis  allowed  the  quantitative 
estimations  of  spatial  scales  0.5-1  km  and  life  time 
not  less  than  10-20  min  for  respective  elements, 
which  have  been  called  the  "aeroelectric 
structures"  (AES)  [11,12].  Quasi-periodical 
sequences  and  high-amplitude  solitary  AES  have 
been  recognized. 

3.  MODELING  OF  DUSTY  PLASMA 
ELECTRODYNAMICS 

There  are  different  levels  of  strictness  in 
dusty  plasma  modeling.  Comprehensive  analysis 
requires  formulation  of  kinetic  equation  for  dust 
particles  charge  and  velocity  distribution.  But 
usually  the  difficulties  of  kinetic  description  compel 
us  to  restrict  analysis  by  the  frame  of 
hydrodynamic  approach.  Nevetheless,  we  are  able 
to  take  into  account  at  least  partially  strong 
correlation  between  highly  charged  particles  [13]. 

Collective  interaction  accompanied  by 
effective  generation  of  large  scale  electric  field 
(electric  dynamo)  and  small  scale  structures  in 
dusty  plasmas  is  connected  often  with  the  charge 
exchange  of  colliding  particles,  as  it  occurs  in 
clouds  and  dust  storms. 

Usually  there  is  a  possibility  to  distinguish 
a  few  fractions  of  aerosol  particles  with  well- 
deterrinined  different  macroscopic  characteristics 
(such  as  the  mean  grain  size,  mass,  velocity,  and 
charge),  in  the  simplest  case  -  two  fractions. 
Collective  processes  associated  with  the  charge 
transfer  can  be  analyzed  then  within  the  two-fiuid 
hydrodynamic  model  for  aerosol  [14].  Let  us 
consider  two  flows  of  charged  aerosol  grains 
moving  in  the  conducting  medium  in  the 
gravitational  field  g  and  in  the  uniform  electric  field 
E  with  the  relative  velocity  U.  We  neglect  the 
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processes  of  the  growth,  coalescence,  and  decay 
of  grains;  i.e.,  we  assume  that  one  flow  consists  of 
the  heavy  grains  with  mass  M,  and  the  other  flow 
consists  of  the  light  grains  with  mass  m.  The 
velocities  of  the  directional  motion  of  the  aerosol 
grains,  which  exchange  their  charges,  are  much 
higher  than  their  thermal  velocities.  When  the 
grains  of  different  species  collide,  they  exchange 
the  charge  Sq  that  depends  on  the  relative 
velocity  of  grains  and  the  value  of  the  electric  field 
at  the  point  at  which  the  grains  come  into  contact. 

A  number  of  specific  mechanisms  for  the 
charge  separation  are  discussed  in  the  literature 
(see,  for  example  [8]).  These  mechanisms  depend 
on  many  factors,  in  particular,  on  the  temperature 
distribution,  phase  composition,  and  size  spectrum 
of  aerosol  grains  in  the  cloud.  However,  we  will  not 
discuss  in  detail  the  microphysics  of  the  charge 
separation.  The  dependence  of  the  charge 
Sq  transferred  in  a  single  collision  on  the  electric 
field  is  of  primary  importance  for  this  problem.  With 
respect  to  this  parameter,  all  the  mechanisms  for 
the  charge  separation  are  divided  into  the  inductive 
and  noninductive  mechanism  [8]. 

For  the  mechanisms  of  the  first  type,  the 

charge  Sq  =  Sq^  depends  on  the  value  and 
direction  of  the  external  electric  field  E  and  is 
associated  with  the  polarization  of  the  interacting 
grains.  Assuming  the  grains  to  be  spherical  in 
shape  with  diameters  D»  d  (where  D  and  d  are 
the  diameters  of  the  large  and  small  particles, 
respectively)  and  averaging  over  the  angle  0 
between  the  line  passing  through  the  centers  of 
the  grains  and  the  direction  of  the  electric  field  at 
the  instant  of  collision  {-7tll<6<7tll,  the 
charge  Sq^  can  be  expressed  as  [14]: 


Sq,=^- 


(1) 


where  U  =  u  -  v  is  the  relative  velocity:  u  and  v  are 
the  velocities  of  the  heavy  and  light  aerosol  grains, 
respectively;  and  the  quantity  ^  is  determined  by 


the  contact  duration  and  the  particle  conductivity. 
Note  that  the  scalar  product  EU  in  formula  (1)  is 
only  used  to  define  the  sign  of  the  transferred 
charge  in  a  one-dimensional  problem. 

The  noninductive  charging  occurs  due  to 
the  difference  in  both  the  chemical  potentials  and 
mass  exchange  between  the  interacting  aerosol 


flows.  Thus,  the  charge  Sq  =  dq^  transferred  to  the 


ice  crystal  in  a  single  collision  with  the  heavier 
hailstone  can  be  expressed  as 
\p 


Sq.- 


U 


f/« 


AXd,DJ), 


(2) 


where  px2-T3,UQ^3mls,A^((J,D,T)\s  the 
empirical  function  describing  the  dependence  of 
Sq^  on  the  characteristic  sizes  of  hailstones  and 

ice  crystals  and  the  air  temperature.  If  the  air 
temperature  is  lower  than  a  certain  critical 
temperature  ,  the  hailstones  acquire  the 
negative  charge  and  the  ice  crystals  acquire  the 
positive  charge;  for  the  air  temperatures  higher 
than  the  critical  one,  the  situation  is  quite  the 
reverse.  The  temperature  depends  on  the 
absolute  humidity  of  air;  usually,  it  lies  between 
-15°Cand  -20“C.  Although  inductive  and 
noninductive  charging  mechanisms  are  different  in 
nature,  such  a  dividing  becomes  somewhat  vague 
at  high  external  fields,  when  the  relative  velocity  of 
charged  grains  begins  to  depend  on  the  electric 
field. 

Strictly  speaking,  formulae  (1)  and  (2)  are 
valid  for  the  collisions  between  neutral  grains. 
When  the  grains  are  charged,  the  transferred 
charge  is  governed  by  the  electric  field  at  the  point 
at  which  the  grains  come  into  contact;  this  field,  in 
turn,  depends  on  the  grain  charges.  In  this  case, 
the  charge  transferred  in  the  collision  can  be 
expressed  as 

-'i'd’).  (3) 

where  q  and  Q  are  the  charges  of  the  small  and 
large  particles,  respectively,  and  the  coefficient 
ri  =  r].  =  (0,5  5)4" .  Note  that  the  first  and 

second  terms  on  the  right-hand  side  of  formula  (3) 
are  opposite  in  sign. 

Using  the  charge  transfer  parameterization 
assigned  by  the  expressions  (1)‘(3)  and  respective 
rather  complicated  set  of  EHD  equations,  we  have 
analyzed  a  thundercloud  as  a  distributed  EHD 
generator,  taking  into  account  aerosol  charging 
effects,  small  ions  dynamics  due  to  their 
attachment  to  aerosols  and  corona  processes  as 
well  as  the  aerodynamic  flow  and  its  dependence 
on  the  generated  electric  field  [15].  The  generaion 
of  great-scale  and  small-scale  electric  field 
structure  has  been  considered.  Our  hypothesis, 
confirmed  by  the  results  of  in-situ  measurements  in 
thunderclouds,  is  that  multi-flow  aerosol  system 
encourages  the  development  of  small-scale 
instabilities  and  electric  cell  formation.  For  typical 
conditions  of  thundercloud  estimations  and 
numerical  calculations  give  the  characteristic  size 
of  these  cells  of  order  of  some  tens  of  meters. 

We  have  considered  also  dusty  plasma 
collective  interaction  under  fair  weather  conditions. 
The  nonequilibrium  system  has  been  investigated, 
which  includes  positive  and  negative  light  ions 
moving  in  electric  field,  and  aerosol  particles.  Ion- 
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aerosol  attachment  coefficients  are  assumed  to 
depend  on  the  electric  field  strength.  A 
characteristic  scale  of  structures  formed  depends 
on  the  drift  velodty  of  light  ions,  the  air  conductivity 
and  the  stationary  concentration  of  neutral  aerosol 
particles.  A  model  can  explain  recently  observed 
[11,12]  meso-scale  structures  formation  in  the 
surface  atmospheric  layer  as  a  result  of  a  dynamic 
instability  development. 

5.  CONCLUSIONS 

Unlike  other  atmospheric  subsystems,  the 
electricai  one  provides  a  unique  scaiar  index  of  the 
global  status  of  the  atmosphere.  The  electric  state 
of  the  atmosphere  is  characterized  by  the 
stationary  distribution  of  electric  field,  conductivity 
and  electric  current  density,  as  well  as  by  the 
presence  of  EHD  structures  of  global,  regional  and 
local  scales.  Many  natural  processes  (energetic 
particle  precipitations,  radioactive  emanation, 
volcanic  eruptions)  and  anthropogenic  phenomena 
(aerosol  releases  due  to  man-made  activity, 
radioactive  pollutions,  large-scale  explosions  and 
fires)  eventually  disturbe  the  distribution  of  electric 
conductivity  and  change  substantially  the  state  of 
the  global  circuit.  Significant  recent  investigations 
were  devoted  to  possible  implications  of  the  global 
temperature  change  and  global  lightning 
distributions.  Another  important  field  of  relevant 
research  is  stimulated  by  the  looking  for 
mechanisms  of  earthquake  electromagnetic 
effects. 

Further  progress  in  the  ten'estriai  electricai 
environment  research  is  impossible  without  close 
link  of  observations  and  theoretical  modelling.  Now 
one  of  the  main  instruments  for  theoretical 
investigation  of  inherent  electric  processes  in  the 
atmosphere  is  suggested  to  be  electrohydro¬ 
dynamics  of  weakly  conducting  medium  gen¬ 
eralized  in  terms  of  aerosol  particulate  allowance. 
EHD  approach  has  been  proved  to  be  a  powerful 
method  for  the  analysis  of  wave  perturbations, 
turbuience,  dissipation  instabilities  and  structures 
in  the  atmosphere,  basic  ideas  and  applications.  In 
particular,  it  is  a  mean  for  adequate  analysis  of 
active  processes  in  the  middle  atmosphere  and 
explanation  of  respective  rocket  measurements 
indicating  the  existence  of  large  electric  fields  of 
unknown  origins,  correlated  with  abnormally  high 
aerosol  density  occurrence.  On  the  base  of  EHD 
approach  a  problem  of  turbulent  electric  dynamo  is 
being  formulated  and  studied  as  applied  to  large- 
scale  electric  field  generation  during  thunderstorms 
and  dust  storms. 
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Abstract:  The  western  TXirkey  had  attacked  a  major 
earthquake  of  M  =  7.4  at  00:01:39.80  UT  of  August  17 
in  1999,  along  the  North  Anatolian  fault.  And  the  epi¬ 
center  of  this  earthquake  was  located  on  the  Kocaeri 
village  which  only  few  km  south  of  Izumit  city  in 
the  western  end  of  Asian  Tirkey.  Next  major  earth¬ 
quake  was  following  occurred  at  16:57:20  UT  of 
November  12,  1999  in  the  eastern  TVirkcy.  The  epicen¬ 
ter  location  of  second  earthquake  is  70  km  east  of 
Adapazari  and  170km  northwest  of  Ankara  city.  The 
magnitude  was  M  =  7.2  and  the  focus  is  also  locate  on 
the  north  Anatolian  fault.  About  5  days  prior  to  2  hrs 
after  of  main  shock  of  both  earthquakes,  the  multi-fre¬ 
quency  polarization  fading  detectors  installed  in  the 
Ionosphere  Monitoring  Labs,  of  Tlirkey  P.T.T.  and  An¬ 
kara  University  recorded  the  anomaly  unstable  fast 
fading  signal,  it  seems  to  generated  by  the  quick  rota¬ 
tion  of  the  polarization  at  the  ionosphere  disturbance. 
This  paper  describe  the  observation  results  and  some 
discussion  about  the  mechanism  of  this  phenomena  in 
the  physically  relation  between  the  earthquake  activity 
and  the  increasing  of  ordinary  and  extraordinary  wave 


activity  in  the  ionosphere  of  the  top  area  of  epicenter. 

INTRODUCTION 

The  M  =  7.4  earthquake  that  struck  western  Turkey  at 
00:01:39.80  UTon  August  17,  1999  occurred  on  one  of 
the  world's  longest  and  best  studied  strike-slip  faults: 
the  east-west  trending  North  Anatolian  fault.  The 
epicenter  location  of  this  earthquake  is  on  the  Kocaeli 
town  that  only  few  km  southern  of  Izumit  city  center. 
Epicenter  location  is  40.702®N  and  29.987®E,  Depth  of 
Focus  is  17  km,  and  this  location  is  in  the  western  end 
of  Asian  portion  of  Thrkey.  About  3  months  after  Izumit 
earthquake,  The  M  =  7.2  major  earthquake  occurred  70 
km  east  of  Adapazari  or  170  km  northwest  of  Ankara 
city,  at  16:57:20  UT  November  12,  1999.  This  earth¬ 
quake  is  located  about  110  km  east  along  the  AnatoUan 
fault  of  the  magnitude  7.4  main-shock  on  August  17, 
and  the  detailed  location  is  near  Duzee  of  Bolu  dist¬ 
ricts.  Epicenter  location  of  this  earthquake  is  40.79‘^N 
And  31.1UE,  and  the  depth  of  focus  is  about  10  km. 
The  authors  used  all  these  data  obtained  from 
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Fig.  1  The  location  of  epicenters  of  IZMIT  earthquake  (August  17,  1999,  M  =  7  4)  and  Duzce 


earthquake  (November  12,  1999,  M  =  7.2)  on  the  east  portion  of  North  Anatolia  Fault  in  the  TVirkey. 


Kandili  Observatory  of  Bogazici  University,  Tlirkey. 
The  map  and  locations  of  these  earthquakes  and 
Anatolian  fault  are  shown  in  Fig.  1. 

The  multi-frequency  polarization  fading  detector  ins¬ 
talled  in  the  observatory  of  Ionosphere  Monitoring 
Laboratory  of  Tbrkey  P.P.T.  and  operated  by  Uni¬ 
versity  of  Ankara  had  been  observed  frequently 
several  anomaly  unstable  fast  polarization  fading 
signals  about  5  days  prior  to  2  hours  after  main  shock 
at  both  earthquakes.  The  fast  fading  signals  are  com¬ 
ing  from  northern  side  across  North  Anatolian  fault. 
And  the  location  of  this  observatory  is  located  about 
120  km  south  suburbs  of  Ankara  city.  The  carrier  fre¬ 
quencies  of  these  quick  polarization  fading  signals 
were  spread  between  6  MHz  to  12  MHz  HF  signals. 

At  the  August  earthquake,  the  locations  of  transmit¬ 
ting  stations  spread  over  the  northwest  direction 
from  the  receiving  point  in  the  central  Hungary,  for 
example,  the  stations  of  Sofia,  Stara  Zagora  and  etc. 
At  the  November  earthquake,  the  location  of  trans¬ 
mitting  stations  spread  over  the  north  direction  from 
the  receiving  point  around  Hungary  and  west 
Ukraine.  This  is  a  very  interesting  point  that  these 
HF  signals  are  coming  from  northern  side  of  North 
Anatolian  fault  and  all  their  path  are  across  on  the 
top  of  epicenter  area.  It  seems  to  produce  of  the 
quick  rotation  of  polarization  of  radio  waves  by  the 


ionosphere  disturbances  with  the  unknown  effects  of 
the  earthquakes.  In  fact  that  these  radio  signals 
had  never  appeared  usually  such  quick  polarization 
fading  except  only  very  short  times  of  sunrise  or 
sunset.  Fig.2  shows  the  locations  of  observation 
point,  the  radio  transmitters  area  for  August 
earthquake  by  O  mark  and  for  November  earth¬ 
quake  by  A  mark  of  northern  side  of  the  North 
Anatolian  fault.  As  shown  in  this  figure,  the  radio 
wave  orbits  at  both  earthquakes  have  a  good  corres¬ 
pondence  to  crossing  over  the  epicenter  areas, 

POLARIZATION 

By  the  generalized  magnetoionic  theory  (today's 
plasma  physics),  when  the  electromagnetic  wave 
propagating  in  the  plasma  (ionized  gas)  media,  the 
wave  are  separated  two  waves  which  have  different 
phase  velocities  each  other  according  to  the  i^pleton 
formula,  named  as  ordinary  wave  (O-wave)  and  extra< 
ordinary  wave  (X-wave). 

The  O-wave  and  X-wave  are  always  rotate  to  contrari 
wise  each  other  on  the  wave  front  plane  of  the  wave 
normal  along  the  axis  of  propagation  direction  in  the 
Plasma  media. 

The  rotation  velocities  and  direction  of  wave  normal 
are  determined  by  the  directions  of  the  wave  normal 
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Fig.  2  Locations  of  transmitters  which  observed  the  Fast  Polarization  Fading  the  earthquakes  of  1999 
in  T\irkey.  O  (Izmit  August  17,  1999)  A  (Duzce  November  12,  1999) 


direction  of  incident  wave  and  the  direction  of  geo¬ 
magnetic  flux  in  the  ionosphere,  the  ratio  between 
plasma  frequency  (  f  n)  and  frequency  of  carrier  wave 
( f )  and  carrier  wave  frequency  is  higher  or  lower 
than  the  gyro  frequency  ( f  h)  and  etc. 

The  polarization  of  radio  wave  front  is  generated  by 
the  interaction  between  the  electric  fields  of  O-wave 
and  X-wave,  which  rotated  to  contrariwise  direction. 
In  the  quiet  ionosphere,  the  rotation  speed  of  O-wave 
and  X-wave  is  rotated  with  almost  similar  angular 
velocity,  then  the  compound  wave  front  of  receiving 
wave  seems  to  be  rotate  with  very  slowly  and  stable. 
Usually,  the  appearance  of  the  fast  polarization 
Fading  will  be  very  rare  case  in  the  low  latitude  and 
the  short  distance  ionosphere  propagation  within 
1000  km  of  the  lower  HF  frequency  wave  as  in  the 
regions  of  Middle  East,  When  the  appearance  of 
quick  or  fast  polarization  fading,  the  rotation  velo¬ 
cities  between  O-wave  and  X-wave  will  be  very  differ¬ 
ent  value,  one  is  fast  and  other  is  slowly  toward 
inverse  direction.  The  anomaly  phenomena  occur  to 
the  electric  field  of  wave  normal  of  O-wave  (X-wave) 


takes  quasi  parallel  to  local  geomagnetic  field  in 
the  lower  ionosphere,  and  X-wave  (O-wave)  of  elect¬ 
ron  motion  in  a  plane  quasi  perpendicular  to  the 
magnetic  field  by  the  anomaly  variation  of  magnetic 
field  in  the  ionosphere. 

OBSERVATION  RESULT  OF 
FAST  POLARIZATION  FADING 

Fig.  3  shows  one  of  the  examples  of  observation 
result  of  fast  polarization  at  Izmit  earthquake  of 
August  17,  1999.  The  data  recorded  at  receiving 
point  of  Ionosphere  Monitoring  Labs.  About  5  days 
prior  to  earthquake,  the  signals  came  from  northwest 
will  be  started  the  polarization  fading,  The  fading 
range  was  gradually  increased  from  2  rotations  per 
minute  and  until  one  rot/sec  at  main  shock.  Fig. 4 
shows  the  occurrence  data  of  fast  polarization  fading 
at  Duzce  earthquake  of  November  12,  1999.  The  data 
obtain  very  similar  characteristics  on  the  data  at 
Izmit  earthquake  as  shown  in  these  figures. 
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CONCLUSION 

The  authors  possibly  found  a  new  ionosphere  distur¬ 
bance  phenomena  related  by  the  p re-seismic  effects  at 
Izmit  earthquake  (M  =  7.4)  of  August  17,  1999  and  at 
Duzce  earthquake  (M  =  7.2)  of  November  12,  1999  in 
Thrkey.  Both  earthquakes  occurred  on  the  North  Ana¬ 
tolia  fault  and  the  epicenter  of  Izmit  earthquake  was 
located  western  end  of  Asian  continent,  and  Duzce 
earthquake  was  located  only  110km  east  of  the  epi¬ 
center  of  Izmit  earthquake.  At  both  cases,  the 
polarization  wave  measurement  facility  of  Ionosphere 
Monitoring  Labs,  of  IVirkey  P.T.T.  observed  anomaly 
fast  polarization  fading  of  lower  HF  band  signals 
arrived  across  the  North  Anatolian  fault  from  5  days 
prior  to  main  shock.  Polarization  fading  speed  were 
started  slowly  (2  rotations  per  minute)  and  finally 
increased  to  one  rotation  per  second.  The  signals 
transmitted  about  1000  km  far  and  their  frequency 


range  was  spread  between  5  MHz  to  12  MHz  at  both 
cases.  The  directions  of  transmitting  points  spread 
north-western  region  at  Izmit  earthquake  and  north¬ 
eastern  region  at  Duzce  earthquake  as  shown  in  Fig.2. 
These  observation  results  suggest  the  pre-ceismic 
effects  will  effected  to  the  electric  or  magnetic  field 
variation  which  produced  the  polarization  anomaly  to 
gave  the  different  effect  to  O-wave  and  X-wave  propa¬ 
gation  characteristics.  Now  authors  only  detected  the 
data,  but  we  have  not  any  distinctly  the  source  mecha¬ 
nism  of  the  phenomena.  The  authors  wish  to  continue 
the  clear  of  investigation  of  mechanism  based  on  the 
observation  data.  And  finally  the  author  have  to  clear 
physically  the  source  mechanism,  what  kinds  of  energy 
have  generated  at  focus  of  earthquake  and  how  this 
energy  is  transmit  through  soils  to  ground  surface  of 
epicenter  area.  And  how  to  convert  the  penetrate  mode 
energy  to  the  electromagnetic  noise  wave  radiation 
around  the  ground  surface  or  emitted  the  EM  wave  at 
the  bottom  of  ionosphere. 
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Results  the  last  of  satellite 
researches  of  electromagnetic  signals 
in  near-Earth  space  have  shown  that  an 
ionosphere,  as  a  whole,  and  the 
phenomena  proceeding  in  it  are  a 
indicator  of  certain  (determined) 
processes  in  the  lithosphere.  Presented 
below  results  of  data  processing, 
received  on  "Intercosmos  19"  satellite 
give  additional  acknowledgement 
existence  electromag entic  manifesta¬ 
tions  of  lithospheric  processes  in  top 
ionosphere.  Thus  revealed  in  given 
work  electromagnetic  processes  are 
unequivocally  connected  not  with 
catastrophic  manifestation  of  seismic 
activity  (such  as  earthquakes),  and  to 
current  processes,  while  not  clearer, 
occurring  in  the  lithosphere. 

Variations  of  low-frequency  emissions 
and  accom.panying  electrom.agnetic 
effects  above  deep  faults  of  Baltic- 
Barents  region. 

Onboard  "Intercosmos  19" 
satellite  at  its  flight  above  deep  faults 
of  lithosphere  in  Barents-Kara  sea 
region  bursts  of  low-frequency 
emission  intensity  were  discovered. 


The  amplitude  of  bursts  exceeded  a 
level  of  own  noise,  usually  observable 
on  these  latitudes.  The  bursts  of  noise 
are  rea-sonably  located.  Maximum 
frequency  in  spectra  of  observable 
signals  140-450  Hz.  And  it  is  possible 
and  below  (frequency  140  Hz  -  bottom 
frequency  of  a  equipment).  The 
amplitude  of  bursts  of  emissions 
essentially  depends  on  thickness  of 
earthly  crust,  on  thickness  of  a 
sedimental  cover  and  etc.  [1]. 

Correlation  analysis  has  shown, 
that  the  observable  emissions  have 
electromagnetic  character.  A  correla¬ 
tion  coefficient  of  curve  of  bursts  of 
magnetic  and  electrical  components  of 
emission  fields  is  0.6  -  0.72 

Simultaneously  with  bursts  of 
emission  intensity  abnormal  changes 
of  temperature  of  environmental 
plasma  were  registered  flows  of  low 
energy  electrons  (  Ee  ~50  eV  and  Ee 
-120  eV  ).  Unfortunately,  on  latitudes 
of  Barents-Kara  sea  region  (L  >  6) 
flows  of  quasitrapped  electrons  (Ee> 
40keV)  very  weak.  Nevertheless, 
occasionally,  in  a  disturbed  time  they 
are  observed  (for  example,  [1]. 
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Results  of  observations  of  low- 
frequency  emission  over  Middle  Asia 
deep  fault. 

The  results  of  observations  of 
low-frequency  emission  intensity 
variations  above  deep  fault  of  Black- 
Sea  -  Middle  Asia  differ  from  similar 
results,  received  in  Barents-Kara  Sea 
Region.  By  us  follow  abnormal 
changes  of  fields  of  noise  above  deep 
fault  of  lithosphere,  taking  place  on  a 
line  Ashkhabad  -  Nebit  -  Dag  - 
Krasnovodsk  -  Taman.  It  was  revealed, 
that  the  observable  emissions  has 
electrostatic  character,  bursts  of  a 
electrical  components  of  emission 
fields  prevail.  The  correlation  mialysis 
it  has  confirmed.  The  correlation 
coefficient  of  bending  around  bursts  of 
a  magnetic  mid  electrical  components 
of  noise  field  has  compounded  0.15- 
0.2  Maxima  in  a  noise  spectrum  was 
registered  on  frequency  4650  Hz. 

Variations  of  low-frequency  emissions 
and  quasitrapped  electrons 
close  deep  fault  of  lithosphere  in 
northern  part  Pacific  Ocean 
At  flight  'Tntercosmos  19" 
satellite  close  above  deep  fault  of 
lithosphere  in  northern  part  of  the 
Pacific  ocean  the  bursts  of  intensity  of  a 
magnetic  and  electrical  component  of 
emission  field  were  observed. 
Correlation  analysis  has  confirmed,  that 
observable  emissions  are  electromagne¬ 
tic,  the  correlation  coefficient  has  com¬ 
pounded  0.6  -  0.75  Maxima  in  a 
spectrum  of  noise  was  registered  on 
frequencies  below  1  kHz. 

Simultaneously  with  abnormal 
changes  of  intensity  of  noise  bursts  of 
density  of  a  quasitrapped  electrons  (Ee 


>  40  keV)  flows  were  registered.  It  is 
interesting  to  note,  that  above  fault  of 
northern  hemisphere  abnormal  noise 
bursts  and  particles  are  observed 
simultaneously,  in  the  same  place  of  a 
projection  of  a  satellite  orbit,  and  in 
southern,  magneto-conjugated  hemi¬ 
sphere,  the  bursts  of  noise  and  particles 
were  take  to  the  space.  The  bursts  of 
particles  were  observed  on  the  smne  L- 
shell,  as  in  northern  hemisphere  (L~2), 
mid  bursts  of  waves  were  observed  a 
little  souther  (L~2-2,2). 

Conclusions: 

There  are  considered  vm'iations  of 
low-frequency  emissions,  electron 
flows  and  plasma  pm^ameters  above 
deep  faults  of  the  lithosphere  in  three 
geographical  regions: 

-  Barents  -  Kara  Sea, 

-  Black  sea  -  Average  Asia, 

-  Northern  parth  of  the  Pacific  ocean. 

1.  Above  deep  faults  of  earthly  crust 
abnormal  bursts  low-frequency 
emissions  intensity  are  observed. 

2.  The  spectrum  of  noise  above  faults 
has  a  characteristic  maximum,  which 
will  be  quite  agreeed  with  latitudes  of 
supervision. 

3.  Above  fmilts  bursts  of  temperature 
of  an  environmental  plasma  are 
observed. 

4.  Above  deep  faults  of  earthly  crust 
abnormal  bursts  of  electron  flows, 
energy  of  registered  particles  differs 
for  various  regions  are  observed. 

5.  The  observable  effects  (of  intensity 
variation  of  ones)  depend  on  a  site 
faults:  on  a  land,  on  the  sea. 

Reference: 

1.  Larkina  V.I.,  Sergeeva  N.G.,  Senin 
B.V.  (in  present  volume). 
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ABSTRACT 

The  present  status  of  seismoionosphere  precursors  and 
the  importance  of  presented  pre-earthquake  TEC 
Turkey  anomalies  are  discussed. 

1.  INTRODUCTION 

For  today  the  space  plasma  precursors  are  known  as 
electromagnetic  disturbance  [1,2]  and  as  ionosphere 
plasma  density  structure  [3-5  ]  of  different  spatial  and 
time  scale  behaviour.  Possibility  to  use  such  anomalies 
for  earthquake  prediction  is  discussed  more  than  15 
years  (see  [6]  and  reference  therein).  But  up  to  now  the 
main  problem  is  limited  experimental  data  due  to 
complex  space  plasma  images  which  varies  in 
dependence  of  local  time  and  very  sensitive  to 
geographic  position  [7,8].  Thus  the  sequence  of  the 
two  Turkish  earthquake  of  1999  (August  17  and 
November  12)  with  magnitude  more  than  7,0  which 
occur  practically  at  the  same  localisation  (only  100km 
difference)  could  be  as  rare  object  of  intensive 
investigation  by  involving  all  possible  ex^jcrimental 
data  of  classic  seismomonitoring  as  well  as  some  kind 
of  atmosphere  and  ionosphere  available  data.  Here  we 
start  to  present  some  ionosphere  or  space  plasma 
anomalies  which  appear  as  specific  variation  of  total 
electron  content  (TEC)  above  the  epicentre  area  on 
the  eve  of  destructive  eartliquakes.  This  data  is  result 
of  analyses  of  GPS  data  base  of  global  net  [  9,10  ]. 

2.  EXPERIMENTAL  CONDITIONS. 

Seismotectonic  Summary 

For  the  Turkish  Earthquake  of  Aug.  17,  1999  (see 
later  as  EQl)  the  initial  preliminary  magnitude,  of  7.8, 
was  based  on  recordings  of  seismic  waves  from  a 
limited  number  of  global  stations  that  rapidly  transmit 
data  to  the  U.S.  Geological  Survey's  National 
Earthquake  Information  Centre  (NEIC)  in  Golden, 
Colo.  The  Izmit  earthquake  occurred  at  00:01:39.80 
UT  (3:01  a.m.  local  time),  and  was  centred  at  40.702 
R,  29.987  E.,  which  places  the  epicentre  about  11 
kilometres  Southeast  of  the  city  of  Izmit.  This  location 
indicates  that  tlie  earthquake  occurred  on  the 


northernmost  strand  of  the  North  Anatolian  fault 
system.  The  earthquake  originated  at  a  depUi  of  17 
kilometres  and  caused  right-lateral  strike-slip 
movement  on  the  fault.  Preliminary  field  reports 
confinn  this  type  of  motion  on  the  fault,  and  initial 
field  observations  indicate  that  the  eartliquake 
produced  at  least  60  kilometres  of  surface  rupture  and 
right-lateral  offsets  as  large  as  2.7  meters.  Rupture 
from  west  to  east,  in  two  rupture  events.  Duration  of 
strong  shaking  37  seconds;  maximum  fault 
displacement  5  meters.  The  900  km-long  North 
Anatolian  fault  has  many  characteristics  [11]  similar 
to  California's  San  Andreas  fault.  These  two  faults  are 
right-lateral,  strike-slip  faults  having  similar  lengtlis 
and  similar  long-tenn  rates  of  movement. 

The  second  earthquake  (EQ2)  with  magnitude  of  7.5 
occurred  at  November  12,1999  (16:57:19  UT)  on  the 
short  distance  (less  of  100km)  from  EQl  epicentre  and 
was  centred  at  40.8N,  31.2E. 

Ionosphere  pre-earthquake  disturbances  in  TEC 
around  Ankara 

As  introduction  of  disposition  geometry  on  FIG.  1  tlie 
map  of  events  for  earthquake  of  12th  November  (EQ2) 
is  presented  with  foreshocks  and  aftershocks.  The  EQl 
of  17th  august  appears  without  foreshocks.  The 
positions  of  base  station  Ankara  of  GPS  ground  net 
and  epicentre  of  EQl  are  marked  also.  Let’s  note  that 
more  important  infonnation  is  received  from 
GPS/Glonass  satellites  which  tracks  of  subinosphere 
points  are  around  the  epicentres  of  both  EQ.  The  all 
horizontal  tracks  of  such  satellites  which  intersect  the 
epicentre  area  for  EQl  are  shown  on  FIG.l  with 
corresponding  the  satellite  number  (GPS-3, GPS- 
14,GPS-15  and  GPS-30).  This  orbit  tracks  are 
responsible  for  day  time  period  when  the  anomalies  of 
‘min’  type  (see  Fig.2)  or  pre_earthquake  plasma 
trough  appear  less  than  one  day  before  the  EQl. 

GPS  NAVSTAR  [9]  is  complete  today  and  the 
Russian  system  GLONASS  is  nearly  too.  GPS 
consists  of  24  satellites  with  12-hour  orbits  at 
altitudes  of  20000  km,  having  orbital  inclinations 
about  55°.The  number  of  satellites  simultaneously 
seen  in  any  point  of  the  earth  and  in  any  moment  of  a 
time  is  more  than  6,  so  GPS  provides  superior  sky 
coverage  (that  enables  realisation  of  continuous 
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ionosphere  monitoring  in  several  space  sectors 
simultaneously).  The  GPS-receiver  makes 
measurements  [12]  of  group  delay  of  a  signal  on  P- 
and  CA-codes  and  phase  bearing  on  LI  (  1.575  GHz) 
and  L2  (  1.227  Gfc  ).  The  system  GPS  permits  to 
measure  not  only  phase,  but  also  group  delay  of 
signals,  propagated  through  ionosphere.  Opportunity 
to  measure  the  group  delay  and  therefore  to  conduct 
measurements  of  the  absolute  electron  contents  ( along 
a  ray  of  soimding  radiowave)  eliminates  a  problem 
[12]  of  unknown  initial  phase  always  existing  for 
phase  measurements  of  TRANSIT  type  satellite  system 
( frequency  150/  400  MHz  ). 


Fig.l.  Geometry  of  main  discussed  points.  03,14,15  and  30 
are  subionosphere  tracks  of  GPS  satellites. 

On  Fig.2.  the  sequence  of  two  plots  of 
DTEC=TECcOTr“  TEQned  over  Ankara  area  are  derived 
from  GPS/ISG  data  station  measurement  during  the 
ionosphere  perturbation  on  August  and  November 
1999.  DTEC  is  measured  in  units  of  10E16m’^  or 
TECU.  Here  TECcorr  is  corrected  value  of  TEC  and 
TECjned  is  monthly  median  for  Ankara  station  of  GPS 
measurements. 

We  can  surely  see  the  specifical  positive-negative  (or 
“max-min”  structure)  variations  DTEC  on  eve  the 
both  earthquakes  which  can  be  as  precursors  of  tliese 
EQs.  The  positive  part  of  preseismic  TEC  variation  as 
well  as  following  negative  bay  begin  to  develop  at 
sunrise  time  and  are  the  day  (sunlit  time)  events  (see 
Fig.3a  also).  This  is  obvious  difference  of  TEC 
precursor  anomalies  from  preseismic  plasma  density 
or  ^2  variations  which  is  usually  nocturnal  one 
[3,4,5].  It  is  possible  to  characterise  the  ionisation  of 
the  F2-layer  with  a  single  parameters  by  the  so-called 
critical  frequency  (maximal  plasma  frequency  foF2) 
which  is  connected  with  the  maximal  electron  density 
Nmax  that  (foF2)^  =80.6*Nmax.  So  the  main  parameters 
of  the  ionosphere  F2  layer  displays  the  precursor  type 
plasma  anomalies  by  different  ways.  During  time  of 


EQl  preparation  appear  the  possibility  to  observe  in 
TEC  of  Ankara  the  action  of  Moon  shadow  on  earth 
ionosphere  (August  11,1999)  as  known  source  of 
ionosphere  ionisation. 


Fig.2.  Preseismic  ionosphere  disturbance  as  GPS 
DTEC  variations. 


The  “min”  part  of  pre-EQ  variations  are  shown  in 
comparison  with  similar  negative  DTEC  bay  due  to 
Solar  eclipse  action  on  Fig.  3  for  both  earthquake.  The 
deep  plasma  trough  (a  few  TECU)  in  GPS  derived 
DTEC  data  is  observed  which  is  caused  by  Moon 
shadow  action  on  ionosphere  above  the  Turkey  area  of 
future  EQs.  It  is  good  chance  to  compare  these  TEC 
data  for  estimation  of  the  effectivity  of  EQs  as  source 
of  ionosphere  disturbances. 

3.  DISCUSSION 

The  plasma  anomalous  structures  at  the  ionosphere 
(Nmax  or  maximal  plasma  frequency  foF2)  as  kind  of 
earthquake  precursors  are  usually  nocturnal 
ionospheric  anomalies  in  plasma  density  distribution 
which  appear  over  tlie  preparation  region  some  days 
before  the  earthquake  and  can  be  caused  by  local 
preseismic  changes  of  the  electrical  parameters  of  the 
spherical  condenser  (capacitor)  formed  by  the  two 
liigh  conductive  shells:  Earth’s  surface  and  lowest 
ionosphere  boundary  [3,5]. 

Such  variations  of  the  atmosphere  electricity  cause 
appropriate  electric  field  at  the  ionospheric  heights, 
which  being  added  to  existing  natural  field  may  both 
increase  or  decrease  its  action  [8]  on  the  ionospheric 
plasma  characteristics:  drifts,  aeronomy,  plasma 
chemistry,  ion  composition  etc.  Anomalous  variations 
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appear  inside  whole  ionosphere  volume  from  the 
lowest  boundaiy  of  Earth’s  plasma  shell  (80-100  km) 
up  to  1000km  and  higher.  Under  fortunate  coincidence 
precursor  electric  field  can  generate  natural 
phenomena,  ‘fountain-  effect’  for  example  [5]  leading 
to  Appleton  anomaly  in  the  equatorial  ionosphere  over 
future  earthquake  position.  The  precursor  horizontal 
size  at  ionosphere  can  reach  value  determined  by  a 


future  earthquake  magnitude[3,5].  Both  the 
preparation  zone  form  in  the  lithosphere  and  the 
natural  processes  in  the  ionosphere  depended  on  [8] 
the  epicentre  latitude,  observational  place,  time, 
season  and/or  gelio-geophysical  activity  can  influence 
on  the  concentricity  and  final  dimension  of  plasma 
anomaly  in  horizontal  plane. 


a) 


b) 


c) 


eclipse  effect  in  ionosphere  above  the  Ankara.  The  time  duration  (horizontal  axes)  is  one  day  or  24hrs  (from  midnight 
to  midnight,  Greenwich  time) 


The  other  way  to  characterise  the  ionisation  of  the  F2- 
layer  with  a  single  parameters  is  to  use  the  vertical 
total  electron  content  (TEC)  [13]  which  correspond  to 
the  integral  of  electron  density  over  the  height  from 
the  bottom  to  upper  boundary  or  transmitting  satellite 
orbit  .As  base  of  TEC  measurements  the  radio-beacon 
on  board  of  satellites  have  played  an  important  role 
[13]  in  the  study  of  the  temporal  and  spatial  structure 
of  the  ionosphere  over  nearly  three  decades. 

Maximum  electron  density  and  TEC  are  connected 
over  equivalent  slab  thickness  t:  TEC=  Nn,ax*T^. 
Because  the  variability  of  the  equivalent  slab 
thickness  is  much  smaller  than  that  of  TEC  or  that  of 
the  maximal  electron  density  the  long-term  behaviour 
of  TEC  and  Nmax  and  also  TEC  and  foF2  is  often 
similar. 

But  in  case  of  pre-earthquake  anomalies  it  is  a  quiet 
different.  The  DTECU  variations  before  the  EQ  (sec 
Fig.2)  occurs  as  combination  or  consequence  of 
positive-negative  variations.  So  it  is  necessary 
separately  to  examine  the  dependence  of  TEC= 
N,„ax*'r  during  such  ionosphere  disturbances  with 
maximum  attention.  The  physical  mechanism  of  the 
pre_EQ  TEC  behaviour  is  not  yet  fully  understood. 
Obviously  that  it  is  physically  related  to  the 
lithosphere  area  which  ivolved  in  preseismic  activity. 
Since  the  EQ  TEC  is  characterised  by  the  world  wide 
deepest  ionisation  level  (a  few  TECU)  it  provides  a 
good  check  for  the  quality  of  GPS  derived  TEC  data. 
It  is  6ddent  [10]  that  the  GPS/IGS  data  cannot  reach 


the  spatial  resolution  of  NNSS  (TRANSIT) 
observations.  However,  the  pre-EQ  TEC  is  also  well 
reflected  in  the  GPS/IGS  data.  So  its  occurrence  and 
movement  may  be  studied  by  GPS  techniques, 

4.  CONCLUSION 

Precursors  type  of  ionosphere  total  electron  content 
anomalies  for  two  destructive  earthquakes  in  Turkey 
(at  1999)  is  analysed  on  base  of  TEC  of  GPS  net..  We 
found  tlie  ionosphere  anomalies  which  well 
pronounced  one-two  days  before  the  two  well  known 
Turkey  earthquakes  of  1999  with  magnitude  more 
than  M=7.0  .  For  statistical  purposes  the  number  of 
these  cases  is  negligible  but  for  both  earthquakes  the 
ionosphere  plasma  TEC  anomalies  are  very  similar  in 
form  and  dynamic.  In  comparison  we  use  the  TEC 
anomaly  which  is  result  of  Sun  shadowing  of 
ionosphere  by  Moon  in  this  region  some  days  before 
the  first  destructive  Turkey  earthquake  of  17th  August 
of  1999.  It  is  supported  by  existed  in  IZMIRAN 
classification  of  space  plasma  anomalies  which  appear 
to  be  as  the  seismoprecursors  for  existed  system  to 
improve  the  forecast  of  imminent  earthquakes.  It  is 
proposed  that  the  space  plasma  TEC  anomalies  could 
be  as  precursors  for  earthquake  prediction 
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ABSTRACT 

In  the  present  work  we  are  focusing  our  interest  on  the 
HF  precursors  recorded  by  the  four  electromagnetic 
stations  a  few  days  prior  the  event  associated  with 
earthquakes  with  magnitude  more  than  5.0  and 
located  in  the  vicinity  of  Crete  island.  Some  new 
peculiarity  is  found.  This  is  underhorizon  epicenter 
position  for  main  part  of  events  under  question.  The 
another  unusual  result  is  that  such  preseismic  signals 
are  responsible  for  seaquakes.  In  result,  we  made 
conclusion  about  existing  of  some  thunderstorm  type 
activity  before  the  seismic  event.  It  means  that  above 
sea  (up  to  3-8  kilometers)  the  space  charge  cloud 
would  be  generated  at  one-three  days  before  the 
active  seismicity.  Additional  experimental  facts  and 
mechanism  are  discussed  to  explain  this  HF 
seismoprecursor  signals  generation. 

1.  INTRODUCTION  AND  STATEMENT  OF  THE 
PROBLEM 

Many  electromagnetic  phenomena  in  various  ranges  of 
frequencies  are  known  which  are  connected  to  displays 
of  seismic  activity  [1-3].  The  electromagnetic 
precursors  of  earthquakes  (EQ)  in  a  ULF-range 
registered  even  on  satellite  orbits  in  the  ionosphere 
[3,4],  A  number  of  recent  papers  on  earthquake 
electromagnetic  effects,  together  with  the  literature  on 
this  subject,  can  be  found  in  Special  Issue  [5].  Here  we 
focus  interest  on  a  new  kind  of  electromagnetic 
precursors  of  earthquakes  -  precursors  in  high 
frequency  (HF)  range,  which  were  registered  by  four 
stations  of  a  network  on  an  island  Crete  [6,7].  The 
island  Crete  is  located  in  a  southern  part  of  Hellenic 
arch  and  since  1992  for  research  of  electromagnetic 
precursors  on  an  island  tlie  special  network  of 
telemetring  stations  is  developed  [6].  Among  other 
parameters  the  measurements  of  HF  noise  on  two 
frequency  41  and  53  MHz  are  conducted,  which  nature 
is  now  actively  investigated.  It  is  shown,  that  HF 
signals  or  the  candidate  in  precursors  occurs  at  some 
days  before  the  first  displays  of  earthquakes  occurring 
in  Crete  island  vicinity.  The  aim  of  the  present  paper 
is  to  continue  discussions  on  the  possible  relation 
between  seismic  activity  and  preceding  HF 
radioemissions,  started  by  Nomicos  et  al.  [6]. 


3.  THE  ANALYSIS  OF  EXPERIMENTAL  DATA 
In  the  present  work  we  cany  out  the  analysis  of  the 
data  on  HF  radioemission,  wliich  were  received  by  a 
network  of  reception  stations  on  an  island  Crete 
during  three  years  (1992-1995)  for  earthquakes  with 
magnitude  M  more  than  5.0.  In  tlie  Table  the  list  of 
all  earthquakes  and  their  data  for  this  period  is  given. 
Here  h  is  depth  of  EQ  epicentre  (km).  The  preliminary 
analysis  of  these  data  carried  out  in  works  [6,7]  gives 
us  such  sequence  of  events.  HF  signal  probably 
connected  with  EQ,  occurs  1-3  days  prior  to  event,  but 
after  signals  (3  and  10  kHz)  of  ULF  range.  The  long 
existence  of  signals  (see  Fig.l)  from  several  hours  up 
to  one  day  was  marked  also.  Let's  note  at  once,  that  the 
island  Crete  is  removed  from  industrial  interference 
of  Greece  and  Turkey  and  is  an  ideal  place  for 
reception  seismoeffective  electromagnetic  HF  radio 
emission.  The  amplitude  of  registered  signals  of 
radioemission  is  rather  enough  intensive  to  take  in 
attention  the  astronomical  radio-sources. 


4inhz  Full  Scale  U  2608  li  nU. 


Figl.The  seisinogenic  HF  signals  for  earthquake  N1  of 
Table.  N,I,H  and  D  are  the  Crete  stations  symbol  (Nipos, 
Heraklio,  lerapctra  and  Drapania) 

The  basic  relation  for  the  analysis 
For  HF  range  on  distances  R>  2nX  (length  of  a  wave 
X=  6-7. 5m)  condition  of  optical  propagation  is 
satisfied.  As  result  for  distances  50-300  km  the 
reception  of  signals  is  possible,  if  a  source  of  radiation 
or/and  the  reception  aerial  are  lifted  above  the  ground 
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(sea  level).  If  on  ways  of  propagation  there  is  an 
obstacle  and  the  receiver  gets  in  a  zone  of  a  radio¬ 
shadow,  in  case  of  absence  of  signals  it  is  possible  to 
calculate  height  where  the  source  already  is  absent, 
and  in  case  of  presence  of  signals  it  is  possible  to 
estimate  minimal  height  of  radiation  taking  place 
above  an  obstacle.  First  step  in  our  analysis  was  an 
estimation  of  horizon  position  for  each  of  station  of 
measurements  (see  Table)  on  the  formula: 

R  =  3.55Vh.rt,  (1) 

(here  R-  distance  up  to  horizon  in  km,  and  hant  -  height 
of  the  reception  aerial  in  meters). 

This  parameter  R  is  given  in  the  Table  under  the 
appropriate  name  of  each  station.  Let's  note,  that  the 
account  of  refraction  influence  on  HF  propagation  in 
troposphere  gives  a  variation  of  R  in  some  percents. 
The  distance  D  for  each  station  (to  epicenter)  before 
the  appropriate  earthquake  was  calculated  as  length  of 
an  arch  of  the  big  circle  intersected  through  two 
points.  It  is  determined  by  the  appropriate  central 
angle  which  in  geographical  system  of  coordinates 
calculated  under  the  formula: 

Cos  ai=  Sin  91  *  Sin  <po+  Cos  q>i*Cos  <po*CosAX  (2) 
Here  <po  and  91  -latitudes  of  earthquake  and  reception 
station  and  AX-XrXo-  dUBTerence  of  its  longitudes. 
Comparing  the  ranges  up  to  horizon  and  up  to 
epicenter  for  each  of  stations,  we  find  out,  that  always 
D>  R  (see.  Table)  and  actually  all  earthquakes  are 
below  the  horizon.  Taking  into  account,  that  the 
frequencies  41  and  53  MHz  are  not  reflected  from 
ionosphere,  tlie  superhorizon  propagation  is  possible 
only  if  radiating  and/or  reception  points  are  lifted 
above  ground  to  heights  H  and  h  ant  accordingly. 
Proceeding  from  this  geometry  were  calculated  the 
minimal  heights  Hi  of  radiating  points  above 
epicenters  of  the  future  earthquakes  for  each  station 
under  the  formula: 

E[i=R^Cos(a-  ttaat)  (3) 

Where  R«-  radius  of  the  Earth  (R^  =  6372km),  and  aa„t 
is  determined  by  a  ratio  Cos  aa„t=Re/(IIe+hani)  and 
depends  on  height  of  the  accepting  aerial  above  a  sea 
level. 

Results  of  the  analysis. 

In  Table  the  calculated  Hj  heights  of  radiation  are 
allocated  with  a  bold  font  only  for  those  cases,  when  at 
concrete  station  the  signals  for  both  frequencies 
simultaneously  are  found  out.  On  FIG.2  the  results  of 
the  analysis  for  all  cases  of  signals  reception  (distance 
more  100km)  are  submitted:  range  (D)  -  height  (H).  It 
is  well  visible,  that  radiating  points  of  the  radio- 
frequencies  41  and  53  MHz  are  in  a  range  of  heights 
from  hundred  meters  up  to  several  kilometers  above  a 
sea  level.  This  unexpected  conclusion  is  basic  for  an 
establishment  of  a  nature  of  such  signals  generation 
mechanism.  The  following  important  fact  is  that 
practically  all  earthquakes  for  which  are  found  out  HF 
signal-  precursors  are  seaquakes,  i.e.  them  epicenters 
are  under  bottom  of  the  sea.  From  the  Table  it  is 
visible,  that  for  full  period  of  observation  only  for  4 


earthquakes  (N3;  N8;  N12;  N16)  the  HF  signals  was 
not  registered  on  any  of  stations.  It  is  an  occasion  for 
the  further  research. 

At  the  detailed  analysis  of  absence  of  signals  for  other 
events  by  calculating  azimuths  of  directions  on 
appropriate  epicenters  by  us  was  established,  that  the 
majority  of  tlie  misses  in  the  Table  (absence  of  a  signal 
at  concrete  station  of  a  network)  can  be  explained  as 
screening  (effect  of  a  shadow)  appropriate  direction  on 
a  source  by  mountain,  island  or  losses  due  to  range 
increase.  Not  stopping  on  details,  we  shall  note,  that 
we  could  find  a  reasonable  explanation  of  signal 
absence  (proceeding  from  the  analysis  of  concrete 
local  conditions)  for  all  events  from  the  Table. 

Let's  result  some  most  obvious  examples.  So  for 
earthquake  N3  a  signal  absent  only  at  station 
Heraclion,  It  is  established  that  in  a  direction  on 
epicenter  there  was  a  mountain  of  height  in  2000 
meters,  which  provided  shadow  of  radiation  heights  up 
to  12  km  above  epicenter.  Similarly  for  a  case  NIO  and 
lerapetra:  the  shadow  of  emission  height  reached  19 
km!  Absence  of  a  signal  for  event  N19  at  three  stations 
could  be  result  of  attenuation  of  a  signal  by  longer 
distance  or  shadow  from  islands.  It  is  possible  to  note 
after  such  analysis  for  all  events  of  the  Table  that  the 
source  seismogenic  radioemission  was  more  often  at 
heights  more  1-3  km  (for  events  11,  17  and  18  the 
heights  are  lower  of  2,7  km). 

For  the  more  thin  analysis  further  it  is  necessary  to 
take  into  account,  that  the  absence  of  a  signal  or  its 
attenuation  on  occasion  could  be  also  connected  to 
feature  of  used  aerials  (horizontal  halfwave  dipole).  So 
the  horizontal  pK)larization  of  antenna  could  not 
coincide  with  polarization  coming  EME  of  a  wave, 
and  the  presence  of  a  dead  zone  of  reception  along  an 
axis  of  dipole  could  too  affect  on  quality  of  signals 
reception. 


100  1000  1000 

Height  of  HF  Emission  [m] 

Fig.2.  The  minimum  emitting  heights  . 

4.  DISCUSSION 

The  natural  radioemission  in  HF  range  is  very 
anomalous  phenomenon  and  sometime  can  be 
observed  as  result  of  auroral  activity  [8,9]  or  artificial 
beam-plasma  injection  [10].  More  realistic  source  of 
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broadband  radioemission  are  tliunderstorm  [11-13]  or 
lightning  sources.  First  of  all  we  examine  all  events  of 
Table  by  this  criteria  (or  meteorological  processes)  in 
map  area  and  do  not  find  any  direct  coincidence.  More 
over  such  kind  of  HF  range  emission  must  eliminate 
tlie  fine  correlation  in  form  and  temporary  behavior 
with  ELF  but  it  is  absent  for  our  data  of  analyses  [6,7]. 
On  the  data  of  IZMIRAN  station  of  solar  storm 
radioemissions  we  have  not  found  any  event  in  HF 
range  corresponded  to  items  of  our  Table.  The  analysis 
of  geomagnetic  activity  in  the  specified  periods  has 
shown  complete  absence  of  interrelation  too.  The 
meteoric  radiopropagation  could  be  a  source  of  HF 
noise  too  at  reception  on  a  network  of  Crete  stations. 
But,  taking  into  account  specificity  of  this  way  or 
sharp  angle  sensitivity  (the  condition  ortogonality  at 
height  90-100  km),  and  real  orientation  of  a  magnetic 
field  vector  (in  area  of  the  Mediterranean  sea),  has 
appeared  impossible  to  ensure  simultaneous 
registration  at  3-4  stations  of  our  network,  that 
contradicts  to  the  data  of  measurements.  Besides 
practically  all  of  monitored  signals  occurred 
irrespective  of  known  regular  meteoric  flows.  It  is 
important  also  that  the  signals  were  not  observed 
during  the  raised  meteoric  activity.  Therefore,  on  all 
visibility  the  accepted  signals  on  the  nature  are 
seismogenic.  In  this  case  they  obviously  differ  from 
two  known  before  cases  [14,15]  -  where  the  individual 
bursts  from  the  super-power  earthquake  (M>  7.0)  were 
registered. 

We  can  list  now  all  tlian  Crete  HF  preseismic 
radioemissions  arc  differed  from  known  [14,15]  ones: 

•  The  found  out  signals  concerned  to  eartliquakes  of 
moderate  energy  (magnitude  did  not  exceed  6.0  on 
a  Richter  scale) 

•  HF  signal  is  received  for  the  large  number  of 
earthquakes  at  a  continuous  number  of  the  data, 
received  almost  for  three  years  of  observation 

•  HF  a  signal  was  registered  on  two  frequencies  of 
HF  range  41  and  53  MHz  and  at  several  stations 
simultaneously. 

•  The  spectrum  of  radiation  exceeded  lOMHz. 

•  The  area  of  HF  radiation  (source  of  preseismic  HF 
emissions)  was  under  radiohorizon  and  the  range 
of  distances  sometimes  reached  300-350  km 

•  A  signal  was  observed  1-3  days  prior  to  earthquake 
and  did  not  depend  on  a  situation  of  the  Sun,  to  be 
existed  both  at  day  and  night.  The  time  of  its 
existence  was  some  hours  and  sometimes  reached 
more  than  one  day  duration 

•  The  epicenter  of  earthquakes  was  under  sea 
bottom,  i.e.  under  thickness  of  water,  and  radiating 
source  was  above  tlie  sea  in  an  atmosphere 

The  preconditions  for  model  of  HF  precursors 
generation. 

Radio  emissions  related  to  earthquake  events  are  not 
yet  well  understood,  either  observationally  or 
theoretically.  Many  different  emission  mechanisms 
have  been  suggested,  including  piezoelectricity, 


triboelectricity,  electrofiltration,  and  electrical 
discharges,  as  discussed  in  review  by  Parrot  et  al.[3]. 
To  discuss  the  probable  generation  mechanism  of  HF 
radiation  before  earthquakes  we  shall  present  some 
results  of  radio-physical  measurements  of  the 
abnonual  phenomena  in  an  atmosphere  on  the  eve  of 
Spitak  earthquake  [14].  By  the  authors  with  the  help 
of  weather  radar  is  established,  that  for  1-3  days  in  an 
atmosphere  above  the  epicenter  there  were  charging 
structures  similar  thunderstorm,  but  considerably 
distinguished  from  them  on  duration  and  height  of 
detection.  The  duration  of  e.xistencc  (life  time)  made 
some  hours  whereas  for  thunderstorm  activity  tlie 
characteristic  time  docs  not  exceed  one  hour.  Unusual 
were  also  height  and  effective  reflecting  surface. 
Height  made  5-30  km,  and  tlie  area  of  reflection 
exceeded  almost  in  10  limes  similar  for  thunderstorms. 
By  the  Japanese  group  of  the  researchers  [16-18]  was 
informed  in  electromagnetic  radiation  (ELF  range) 
from  a  surface  of  the  sea  as  for  earthquakes  and 
volcanic  activity  in  a  zone  of  underwater  breaks.  The 
measurements  a  magnetic  component  of  radiation  and, 
hence  were  carried  out,  on  which  it  is  possible  easily  to 
locate  a  source  of  radiation.  Large  volume  of  an 
experimental  material  (it  is  received  during  a  few 
years  and  on  8  stations  network)  has  allowed  (due  to 
morphological  attributes)  to  make  a  conclusion  about 
importance  of  a  gas  phase  during  preparation  of 
earthquakes  (presence  of  gas  bottom  outflow).  So  this 
authors  discovered  tliat  large  scale  radiation  of  ELF 
band  which  a  mystery  of  its  origin  was  owing  to  sea 
area  and  that  the  radiation  might  be  owing  to  degas 
from  the  deep  earth  and  be  related  to  earthquake  and 
volcanic  eruption.  For  us  the  intermediate  result, 
received  by  them,  is  important.  It  is  an  occurrence  in 
air  (at  a  surface  of  the  sea)  of  an  electrical  charge,  The 
formation  of  electrical  charges  in  air  occurs  as  a  result 
of  electrochemical  interaction  [18]  with  an 
atmosphere  the  products  of  degassing  of  terrestrial 
core,  which  injected  to  sea  water  before  earthquake. 

About  the  mechanism  of  generation  HF 
radioemissions 

It  is  known,  that  the  optical  luminescence  of  an 
atmosphere  and  lightning  (thunder)  are  the  usual 
phenomenon  connected  to  forthcoming  earthquake 
[19,20].  So,  on  the  eve  of  powerful  earthquake  (M- 
7.3)  in  Cluna,  which  was  successfully  predicted,  a 
many  people  observed  a  luminescence  of  the  night  sky 
[21]  on  remote  distance  of  100-200  kilometers  from 
epicenter  of  the  future  earthquake.  From  FIG.2 
follows,  that  height  of  seismogenic  luminescence  in 
this  case  could  be  as  1-2  km  and  above.  It  well 
supports  the  radar-tracking  data  on  Spitak  earthquake, 
where  the  anomalous  charged  clouds  in  ah  atmosphere 
are  registered.  Proceeding  from  this  and  being  based 
on  the  received  above  results  of  our  analysis  of  a 
number  of  continuous  observation  on  a  network  of 
Crete  island  we  can  assume,  that  in  our  case  in  an 
atmosphere  above  the  sea  on  the  eve  of  earthquake  at 
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heights  of  0.1-10  km  occur  the  charged  clouds  and,  in 
a  result,  the  conditions  for  the  electrical  discharges  in 
an  atmosphere  are  created  which  can  serve  a  source  of 
HF  radio-emission  registered  on  Crete. 

Indirect  confirmation  of  it  can  be  the  experimental 
works  of  the  Japanese  authors  [16,17]  in  which  is 
shown,  that  the  source  abnormal  electromagnetic 
emission  (EME)  is  located  on  a  surface  of  the  sea 
above  a  zone  of  the  future  earthquake.  Let's  note,  that 
the  magnitude  range  of  these  earthquakes 
corresponded  to  our  :  M  =  5.0-6.0.  As  a  source  for 
such  electromagnetic  generator  on  a  surface  of  the  sea 
by  them  the  model  is  offered  [18],  which  basis  is  the 
injection  of  gases  by  bottom  of  the  sea  (in  a  zone  of 
high  pressure,  arising  by  earthquakes  preparation) 
which,  reaching  a  surface  of  seawater,  electrochemical 
interact  with  oxygen  of  an  atmosphere  with  formation 
of  positive  ions  (generation  of  charges  at  a  surface  of 
water)  or/and  them  clusters. 

By  accepting  it  in  attention  and  tlie  assumption  made 
by  us  above  for  an  explanation  of  our  results,  we  come 
to  necessity  whether  to  transport  electrical  charges 
from  a  surface  of  the  sea  (their  occurrence  on  model  of 
the  Japanese)  on  height  in  some  kilometers,  whether  to 
generate  and  to  redistribute  them  at  height  in  an 
atmosphere.  This  task  is  close  on  mechanism  to 
generation  of  thunder  activity  in  a  nature  [22].  One  of 
known  mechanisms  of  thunder  electricity  generation  is 
the  model  of  convection  cany  started  in  an  atmosphere 
by  a  horizontal  gradient  of  temperature 
In  our  case  the  convective  movement  can  be  organized 
as  follows.  At  the  expense  of  increase  of  bottom 
temperature  there  is  heating  water,  which  rises  as  well 
as  gases  to  a  surface  and  creates  necessary  for 
convection  a  horizontal  gradient  of  water  temperature 
above  epicenter  of  the  future  earthquake.  The 
conditions  for  free  thermal  convection  (termic)  are 
created.  Termic  can  arise  or  as  separate  volume  -  a 
bubble,  or  as  a  jet  (fountain) .  Temp  of  bubble  lift  it  is 
possible  to  define  [22]  by  balance  the  force  of 
resistance  F  and  the  force  of  bubble  buoyancy: 
F=(C./2)p‘S(o*=g(p‘-p)V  (4) 

as  result: 

<i)=V{(8/3  C0*g*r*(T’-T)/T}  (5) 

Where  r-radius,  S-  section,  V-  volume  of  a  bubble, 
Cx/2-  const  of  air  friction  resistance  (for  sphere  = 
0.92),  the  meanings  T,  p  concern  to  a  bubble  and  T  \ 
p‘  -  to  a  neighboring  atmosphere. 

The  size  of  thermal  convective  cell  is  detennined  by 
the  basic  gradient  of  temperature  and  can  vaiy  from 
hundreds  meters  up  to  tens  kilometers.  For  typical 
radius  of  convective  cloudiness  by  size  in  1km  and 
difference  of  temperatures  in  0,5°C  the  estimation 
gives  a  lifting  speed  equal  7,5  m/s.  Thus,  through 
thermal  convection  the  substance  /  charge/cluster 
from  a  sea  surface  can  be  transported  up  to  height  of 
2-2.5  km  for  5  minutes. 

In  our  model  due  to  convective  cany  of  charges  the 
local  conditions  promoting  to  generation  of  thunder 
electricity  are  created,  the  occurrence  and  time  life  of 


which  is  defined  by  processes  both  in  lithosphere  and 
in  an  atmosphere.  Thus,  the  occurrence  of  electrical 
charges  in  a  surface  of  the  sea  and  transportation  them 
fiirtlier  on  height  up  to  10  km  in  our  model  occurs  due 
to  energy  allocated  with  bottom  of  the  sea  as  gases  and 
heat. 

Set  of  processes  in  offered  model 

Let's  present  a  sequence  of  key  processes  in  our  model 

of  generation  of  seismogenic  HF  radiation: 

•  Gaseous  injection  occurring  casually  from  the  sea 
bottom  in  a  zone  of  preparation  of  earthquake. 

•  Carry  of  gas  from  the  bottom  to  a  surface  of  the  sea 

•  Oxidation  of  gas  and  formation  of  ions  (charges) 
on  border  of  sea  water  and  air  of  atmosphere 

•  Local  water  heating  within  the  limits  of  a  zone  of 
preparation  of  earthquake 

•  Convective  transportation  of  electrical  charges 
(ions)  in  troposphere  and  formation  of  structures  of 
volume  charges  at  atmosphere  heights  up  to  10  km 

•  The  electrical  discharges  in  an  atmosphere  witli 
radiation  EME  (in  HF  range  including) 

Let's  note  in  addition,  that  as  the  small  size  of  a  nearby 
island  results  in  formation  of  a  shadow,  it  enables  to 
cany  out  an  independent  estimation  of  the 
characteristic  size  of  radiating  volume  in  an 
atmosphere.  That  is  it  should  be  that  of  scale,  as  island 
(or  its  shadowing  elements).  It  is  well  supported  by  the 
theory  of  convective  cell  [22].  So  maximal  height 
achievable  by  a  cell,  should  be  compared  to  its 
horizontal  scale  (can  reach  meaning  5-lOkm),  tliat  is 
close  the  sizes  of  shadow  objects. 

5.  CONCLUSION 

As  the  monitoring  preseismic  HF  signals  was  carried 
out  continuously  and  long  time,  the  material  is 
received  for  all  possible  events  wliich  were  having 
place  almost  for  the  three-years  period  of  observation. 
It  is  shown,  that  the  area  of  generation  of  a  seismic  - 
precursors  (HF  radioemissions)  is  in  an  atmosphere 
(above  the  sea  surface)  at  heights  of  0.1-10  km.  It  is 
offered  and  proved  the  model  of  generation  of  a  high- 
frequency  earthquakes  precursor  which  based  on 
reasonable  assumption  of  formation  of  the  charged 
clouds  in  an  atmosphere  above  a  zone  of  preparation 
of  earthquake  and  subsequent  an  electrical  discharges 
serving  a  source  EME  in  HF  a  range.  So  the  gaseous 
emission  from  tlie  earth  may  be  as  main  source  of 
preseismic  electromagnetic  precursor  of  earthquake. 
Further  detailed  studies  were  usefiil  for  analyzing  the 
mechanism  by  which  electromagnetic  wave  radiation 
associated  with  localized  volcanic  and  earthquake 
activity  is  generated. 
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Abstract:  In  December  19,  1997,  at  22:09  (JST  9  hours  ahead  of  UT),  an  earthquake  (M  =  4.6,  Depth 
=  10  km)  were  occurred  at  the  sea  bottom  of  northern  off-shore  of  Fukui  and  Ishikawa  prefecture.  Prior 
to  this  main  shock,  a  VLF  sensor  of  Awara  observatory  received  the  cross-talk  signals  of  MF 
broadcasting  stations  of  Kanazawa  area  which  located  about  100km  north  of  Observation  point.  We 
succeed  the  theoretical  analysis  to  explain  using  a  similar  theory  of  the  Tuxembourg"  effects. 


INTRODUCTION 

The  Authors  have  constructed  a  facility  for  receive  the 
space  science  and  the  radio  signal  emissions  are  associ¬ 
ated  with  earthquake  phenomena  named  as  SEE  (Seis- 
mogenic  EM  Emission).  "The  Awara  Space  Radio  Obser 
vatory  of  Fukui  University  of  Tbchnology"*  is  located  in 
Awara  Tbwn  of  northern  Fukui  prefecture  and  the  sen- 
Sors  and  facilities  are  built  on  a  small  peninsula  in  the 
large  Kitakata  Lagoon  (36.138N,136.149E).  The  back 
ground  noise  levels  through  VLF  and  MF  range  around 
the  observatory  is  one  of  the  most  low  level  areas  in 
Honshu. 

The  December  19,  1997  at  22:09  JST  an  earthquake 
(M  =  4.6,  Depth  =  10km)  were  occurred  at  the  sea  bot¬ 
tom  of  northern  off-shore  of  Fukui  and  Ishikawa  pre¬ 
fectures.  The  distance  between  epicenter  and  Awara 
observatory  is  approximately  10  km.  The  VLF  observ¬ 
ation  sensors  detected  clearly  the  anomalous  audio  fre¬ 


quency  cross-talk  signals  of  three  broadcasting  station 
of  Kanazawa  area  about  100  km  north  of  observatory. 
The  map  of  the  relations  between  both  points  shows  in 
Fig.  1.  The  occurrence  of  above  mentioned  cross-talk 
phenomena  was  often  appeared  from  about  two  days 
before  and  until  few  minutes  prior  to  main  shock  as 
shown  in  Fig.  2.  The  authors  made  an  attempt  at 
analysis  of  the  phenomena,  and  obtained  a  clear  esti¬ 
mation  results  as  one  of  the  similar  effects  of  "Lux¬ 
embourg  phenomena”  in  the  bottom  portion  of  iono¬ 
sphere  on  the  top  of  the  earthquake  epicenter. 

CROSS-TALK  ANALYSIS  OF  MF  BRARDCASTING 
SIGNALS  INTO  THE  VLF  RECEIVER 
The  estimation  is  due  to  by  using  of  "Luxembourg 
phenomena”.  The  seismognic  EM  emission  wave  will 
be  generated  at  the  top  of  epicenter  area  in  the  dis¬ 
turbed  the  electron  densities  of  the  bottom  of  ionos- 
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phere  by  the  earthquake  energy.  And  the  AM  broad¬ 
casting  signals  will  be  modulated  the  electron  den¬ 
sity  according  to  the  program  of  modulation  signals. 
When  the  SEE  wave  will  be  modulated  by  the  electron 
density  variation  according  to  the  modulation  of  broad¬ 
casting  signals. 

At  22:09  JST  of  December  19,  1997,  an  earthquake  was 
occurred  under  the  sea  bottom  of  off-shore  at  northern 
Fukui  prefecture.  The  location  of  Awara  observation 
point,  the  epicenter  location  of  this  earthquake  and  the 
location  of  the  transmission  antenna  of  Broadcast  sta¬ 
tion  at  Kanazawa  is  as  shown  in  Fig.  1.  The  distance 
between  observatory  and  the  transmission  antenna  in 
Kanazawa  is  about  75  to  80  km  towards  northeast 
from  observatory. 

About  5  hours  prior  to  this  earthquake,  the  VLF  recei¬ 
ver  of  Awara  observatory  begins  the  record  of  the  quite 
strange  cross-talk  of  audio  voice  and  music  signals 


Fig.  1  The  position  of  Awara  observation 
point  and  epicenter  of  the  earthquake  at 
22:09  JST  of  December  19th.  1997 


with  overlapped  throe  MF  broadcast  programs  trans¬ 
mitting  from  Kanazawa  area.  The  interference  level 
was  increased  gradually  and  erased  after  10  minutes 
of  main  shock  as  shown  in  Fig. 2. 

Fig.  3  shows  the  results  of  the  FFT  frequency  and  inten¬ 
sity  spectrum  of  the  noise  characteristics:  (a)  shows  the 
usual  back-ground  noise  conditions,  (b)  Shows  a  typical¬ 
ly  FFT  spectrum  of  the  cross-talk  interference  of  42 
minutes  prior  to  the  earthquake  at  November  19.  1997. 
The  back  ground  noise  level  is  higher  than  usually 
conditions,  and  many  short  harmonics  structures  are 
striking  in  the  FFT  picture.  These  arc  shown  the 
typically  voice  and  music  voiceprint  spectrums.  (3)  In 
this  FFT  spectrum,  the  interested  rising-tone  and  the 
falling-tone  voiceprint  appears  by  the  analyzing  result 
of  very  low-frequency  range  below  600  Hz  and  longer 
timing  analysis  over  10  second  or  more.  The  time 
domain  of  these  strange  emissions  has  over  1  and  few 
seconds,  and  the  occurrences  of  these  omissions  are 
well  correspondence  with  nearly  equal  to  the  impulsive 
domains  of  each  seismogcnic  emissions.  These  three 
observation  results  suggests  the  usefully  trace  of  in¬ 
vestigation  of  the  emission  mechanism  of  seismogenic 
electromagnetic  emission. 

Fig.  4  illustrates  a  geometry  profile  of  the  vertically 
relationship  between  the  energy  transmission  path  of 
MF  broadcasting  stations  from  Kanazawa  ,  location  of 
Bottom  of  ionosphere,  focus  and  epicenter  of  earth¬ 
quake  and  the  location  of  Awara  observatory.  Location 
of  Awara  observatory  is  only  10  km  from  epicenter, 
and  the  path  of  BC  signals  and  the  path  of  seismoge¬ 
nic  waves  are  also  shown  in  Fig.  4. 

On  the  assumption  that  the  free  electrons  in  the  lower 
ionosphere  are  as  follows;  (a)  the  moan  free  path  is  con¬ 
stant,  (b)  the  collision  frequency  is  very  smaller  than 
the  wave  frequency  v  Co),  (c)  no  geomagnetic  field. 
Power  of  incident  MF  (BC)  wave  td  is; 
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Fig.  2.  The  time  of  appeared  the  cross-talk  signal  of  MF  bn; 
cast  stations  observed  at  Aware  of  the  earthquake  of  D; 
ber  19th  in  1997.  Black  line  shows  the  duration  of  cross 
talk  appearance,  and  the  dotted  line  shows  the  time  of  t 
ground  noise  level , 


Fig.  3  (a)  The  Fhl  frequency  and  intensity  spectrum  of  the  noise  characteristics  at  the  usual 
Back  ground  noise  conditions. 
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Fig.  3  (b)  A  typically  FFT  spectrum  of  the  CROSS-TALK  INTERFERENCE  of  42  minutes 
prior  to  the  earthquake  at  December  19,1997.  The  back  ground  noise  level  is  higher  than 
usual  condition.  ''Fhe  typically  voice  and  music  harmonics  structures  are  striking  in  picture. 
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Fig.  3  (c)  The  interest  rising  and  falling  tone  voiceprint  appears  by  lower  frequency  below 
600  Hz  and  longer  timing  analysis  over  10  second  or  more.  The  time  domain  of  these 
emissions  has  over  1  second.  This  is  well  correspondence  with  impulsive  domain  of  SEE. 
MODULATION  AREA 


Fig.  4  A  geometry  profile  of  the  vertically  profile  of  the  vertically  relationship  between  the 
energy  transmission  path  of  MF  broadcasting  stations  from  Kanazawa,  location  of  bottom  of 
ionosphere,  focus  and  epicenter  of  earthquake  and  the  location  of  Awara  obs.  10  km  from  epi. 
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xn  =  J  eE  dx  (1) 

where  E  is  electric  field  strength  of  BC  incident  wave. 
The  kinetic  equation  of  charged  particle  at  lower  iono¬ 
sphere  is; 

mx  =  eE  =  eEe  sin  cot  (2) 

where  Ee  is  electric  field  for  electron  and  co  is  angu¬ 
lar  frequency  of  incident  wave.  We  obtain  dx  from  (2)^ 

dx  =  -  (  e  /  m  co)  Ee  cos  cot  dy 

the  loss  of  kinetic  energy  during  dt  is;  g(l/2  mx^)  v  dt, 
the  increase  of  Kinetic  energy  during  dt;  g(l/2  mx^)  = 
mxdx 

mv  dt  =  mxdx  +  g(l/2  mx^)  v  dt  (3) 

put  X  =  I V  in  (3);  dv/dt  +  1/2  g  v  ^  =  aEe^  (4) 
where:  a  =  a  /  mP  ,  go,  v  o  g  and  v  to  be  constant 
anddvo/dt  =  0,  then 

1/2  go  V  0  =  a  Eo^.  (5) 

On  the  assumption  that  Eois  modulated  by  fm, 

Ee  =  Eo  ( 1  +  M  sin  2  tc  fm  t)  :  M  «  1  (6) 

where  fm  is  a  modulation  frequency  of  an  incident  wave. 
V  is  vibrated  with  the  small  amplitude 

6  V  around  v  o 

v=vo+6v  :l6v|«vo  (7) 

then  d(5v)/dt  +  R?  6v  =2a  ME®sin2  7i:  fm  t, 
where  R  =  d/d  v  o  (1/2  go  v  o^  ) 
then  we  obtain  the  value  of  6  v  is; 

6  V  =  2a  MEo®  /  '  sin(2  7rfm  t  -  0) 

tan  0  =  2  7t  f m  /  R.  (8) 

When  the  seismogenic  wave  is  generated  in  the 
Effected  area[l]  modulated  by  the  incidence  wave. 

E'  is  the  electric  field  intensity  of  SEE. 

E'  =  E(vo+  6  V )  =  F( V  o)  +  dF(  V  o)/d  V  0  6v 
After  Taylor  Expansion,  and  inserted  into  (7)  of 
this  results, 

E'  =  Eo  {  1  +  M'sin(  2  re  f mt  “  0 ) }  (9) 

Then  modulation  index  of  second  emitted  wave 
(seismogenic  wave)  M' is  obtained  by  following 
equation. 


=  BEoW  V  fm^  +  IP  (10) 

From  these  calculation  results  obtain  to  the  seismo¬ 
genic  emission  wave  E'  has  same  modulation  fre¬ 
quency  fm  of  incidence  wave  E,  and  the  modulation 
index  of  seismogenic  emission  wave  is  shown  as  M'  is; 
M'  =  k4](P  +  fh^vo2  Eo*M/(P-fh’)*  -J  + 

(10) 

Where 

f :  career  frequency  of  incidence  wave 

fh:  electron  gyro-frequency  in  the  ionosphere. 

(2)  Cross-talk  characteristics  of  seismogenic  emission 
wave  to  an  modulated  incidence  wave  interaction. 

We  obtain  the  following  characteristics  from  (10). 

®  M'  oc  M:  M'  is  in  proportion  to  the  modulation 
index  of  incidence  wave. 

(D  AT  cc  V  0“:  Cross  talk  level  increases  in  the 
lower  altitude  of  ionosphere. 

(J)  R2  (X  47J.  fm^:  M' becomes  to  the  modulation 
frequencies  of  incidence  wave. 

®  M'  decreases  in  accordance  with  higher  frequency. 
(S)  RT  increases  when  the  f  of  incidence  wave  is  closes 
into  fh, 

M’  takes  equal  value  to  the  modulation  index  M  of 
incidence  wave. 

(3)  Frequency  effect  on  the  interaction  between 
modulation  index. 

As  the  denominator  of  (10)^  the  maximum  cross-talk 
level  obtain  at  the  gyro-frequency  fh.  The  fh  in  the 
winter  season  of  Kanazawa  area  is  approximately 
1.25  MHz.  The  frequency  and  output  power  of  the  MF 
band  BC  station  at  Kanazawa  area  is  as  following 
Table,  and  the  frequencies  in  Kanazawa  area  are 
Very  close  to  electron  gyro-frequency  fh  as  shown  in 
the  Table. 
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Name  of  Station 

Call 

ANT. Power 

Frequency 

flokiiriku  B.  S. 

JOMR 

5  kW 

1107  kHz 

NHK  1  Kanazawa 

JOJK 

10  kW 

1224  kHz 

NHK  2  Kanazawa 

JOJB 

10  kW 

1386  KHz 

Table.  1  The  transmission  frequency  of  3  broadcasting  stations  of  Kanazawa. 


L  Modulation  Index  of  VLF  wave  is  in  proportion  to 
CONCLUSION  the  modulation  index  of  incident  AM  wave. 

2.  Cross-talk  level  increases  to  the  lower  altitude  of 
By  the  estimation  results  by  using  the  following  ionosphere. 

modulation  hypothesis,  the  author  obtains  the  3.  Modulation  index  of  VliF  wave  increases  when  the 

following  modulation  characteristics  of  SEE  wave  of  frequency  of  the  incident  MF  wave  is  closer  to  gyro 

modulated  incidence  wave  interaction  are;  frequency  at  bottom  ionosphere. 
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Abstract:  Traditional  thundercloud  models,  which  are 
based  on  continuos  electrodynamics,  cannot  explain 
the  great  diversity  of  lightning  discharges  and  all  their 
features.  Understanding  the  processes  that  define  the 
preliminary  stage  of  lightning  discharge  has  been  a 
major  problem.  A  fractal  cellular  automaton  model  is 
developed,  which  describes  the  dynamics  of  the  electri¬ 
cal  charges  in  a  thunderstorm  cloud  in  its  mature 
stage.  Two  key  assumptions  form  the  model  basis:  The 
first  one  suggests  the  small-scale  electric  structure  of  a 
cloud,  originating  from  dissipative  beam-plasma  insta¬ 
bility  in  the  thundercloud.  This  instability  is  accompa¬ 
nied  by  a  small-scale  electrical  stratification  of  the 
cloud.  The  second  assumption  is  that  the  growth  of  an 
electric  field  in  cells  is  restricted  by  an  electric  break¬ 
down  between  maxima  and  minima  of  the  electrostatic 
wave.  The  small-scale  discharges  initiate  the  spread  of 

breakdown  infection''.  The  process  manifests  itself  as 
a  self-maintaining  chain  reaction  and  may  be  consid¬ 
ered  as  a  self-organised  critical  (SOC)  phenomenon. 
We  obtain  the  power-law  exponent  for  the  ignition  size 
distribution  that  confirm  critical  behaviour  of  the 
model  We  also  show  that  our  results  are  substantiated 
by  observations. 

i.  INTRODUCTION 

The  thunderstorm  electricity  problem  is  extremely 
diverse  one,  and  includes  a  number  of  key  questions.  It 
begins  with  cloud  electrification  mechanisms,  and  ends 
with  flash  shaping  final  stage,  when  a  stepped  leader 
arises  and  a  return  stroke  is  established  as  the  lightning 
discharge’s  most  powerful  manifestation.  Considerable 
progress  has  been  made  recently  in  the  understanding 
and  modelling  of  elementary  processes  of  cloud  parti¬ 
cles  electrification  [1].  Advances  have  been  made  in 
model  development  of  the  flash  channel  formation, 
when  the  channel  formation  is  accompanied  by  a  leader 
and  return  stroke  progression[2,3,4]. 

Understanding  the  processes  that  define  the  prelimi¬ 
nary  stage  of  lightning  discharge  has  been  a  major 
problem.  In  its  most  developed  phase,  this  stage  lasts 


approximately  one  tenth  of  a  second,  and  consists  of 
numerous  (up  to  10,000)  relatively  weak  discharges  [4- 
8].  Widespread  experimental  efforts  have  demonstrated 
several  peculiarities  at  the  preliminary  stage,  proving  it 
to  be  a  very  complex  and  puzzling  phenomenon: 
Firstly,  two  subintervals  (of  approximately  equal  dura¬ 
tion)  may  be  selected  in  the  preliminary  breakdown 
stage.  The  first  subinterval  contains  very  high  fre¬ 
quency  pulses  (VHF)  which  appear  without  any  visible 
DC  field  changes.  A  gradual  DC  field  change  accom¬ 
panies  VHF  during  the  second  subinterval,  and  closely 
connects  with  leader  progression. 

Secondly,  the  results  obtained  with  the  VHF  source 
location  systems  reveal  pulse  duration  changes,  which 
are  connected  with  Doppler  effect  to  the  radiation  of  a 
fast  (up  to  lO’m/s)  moving  source.  [6;  9],  Sometimes 
VHF  emission  is  observed  as  a  consequence  of  coherent 
signals  [10].  Thirdly,  the  precursor  activity  spreads 
VHF  sources  throughout  much  of  the  cloud.  Finally,  the 
universality  of  the  frequency  spectrum  of  electromagnetic 
signals  emitted  by  the  discharges  was  also  established  [1 1]. 

The  question  is  what  physical  mechanism  could  re¬ 
sult  in  the  occurrence  of  such  an  intricate  preliminary 
dynamic?  It  is  particularly  difficult  to  answer  this 
question,  since  the  median  electric  field  strength  in  a 
cloud  is  of  order  of  magnitude  below  the  typical  fields 
generating  sparks  in  laboratory  experiments. 

2.  SMALL-SCALE  ELECTRICAL  STRUCTURE 

The  principal  aim  of  this  paper  is  to  raise  the  idea  that 
the  preliminary  stage  of  lightning  discharge  is  closely  re¬ 
lated  to  the  fine  electrical  structure  of  a  thundercloud.  The 
multi-layered  cellular  electrical  structure  has  been  detected 
in  practically  all  in-situ  experiments  [1, 12]. 

There  is  considerable  physical  evidence  to  support 
the  existence  of  such  a  small-scale  electrical  structure 
in  a  thunderstorm  cloud.  The  idea  is  that  a  mature 
thundercloud  becomes  similar  to  a  plasma-like  multi¬ 
flow  system.  The  combined  effect  of  gravity  and  upris¬ 
ing  convective  flow  creates  interpenetrative  streams  of 
charged  heavy  (large  drops  and  hailstones)  and  light 
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(ice  crystals  and  the  fine  drops)  components.  At  the  ob¬ 
served  velocities  m  =  5  ~  20w/s  of  the  uprising  streams 

the  large  particles  (with  mass  are  suspended  in 

the  stream.  They  fill  the  lower  part  of  a  cloud,  while  the 
light  fraction  is  carried  away  by  the  stream  into  the  upper 
regions  of  the  cloud.  Trakhtengerts  [13]  showed  that  this 
multiflow  system  becomes  unstable  due  to  electrostatic 
waves  with  the  electric  field  E  -  exp(-  /ov  +  ikr ) ,  where  r 
and  t  are  the  space  coordinate  and  time.  In  the  simplest 
case  of  monodispersed  charged  hailstones  and  ionized  air 
flow  the  frequency  co  and  the  wave  vector  k  satisfy  the  dis¬ 
persion  equation  [13] 

1 _ 

©(co+iv)  (ja-k  u 

where  £2^  =  Anq^NIM,  is  the  square  of  the  “large 
particle  gas”  plasma  frequency,  q,  N  and  M  are  the 
charge,  density  and  mass  of  hailstones,  \  ~  gfu  is  the 
effective  collision  frequency,  g  is  acceleration  due  to 
gravity,  u  and  o  are  the  air  flow  velocity  and  conduc¬ 
tivity.  The  instability  threshold  is  given  by  the  condition 
(QJvf>l  and  the  instability  growth  rate  is  derived  as 
2wcs{QJv)  for  the  optimal  spatial  period  a-idk  =jiu/£2.  For 
particle  radius  ~0.5cm  and  N~10’m'^  the  instability 
threshold  is  achieved  for  ^-lO^'^Q.  Putting  w-lOm/s 
and  £2~2v,  we  find  v~ls'',  a~10m  and  7~47io~ls''  (4n 
o~v).  Further  research  [14]  on  the  charge  exchange 
between  the  particles  has  shown  this  instability  is  uni¬ 
versal  in  a  wide  range  of  the  cloud  parameters.  At  the 
nonlinear  stage,  a  small-scale  electric  field  amplitude  is 
determined  by  a  balance  between  the  electric  force  and 
the  force  of  gravity  that  are  superimposed  on  a  large 
particle  E~Mg/q~lO^V/m.  Hence  the  small-scale  elec¬ 
tric  field  amplitude  can  exceed  the  median  field  am¬ 
plitude  quite  considerably. 

3.  CLOUD  METALLIZATION  MODEL 

We  suppose  that  the  small-scale  electric  field  devel¬ 
opment  is  restricted  by  a  breakdown  between  maxima 
and  minima  of  the  electrostatic  wave.  Given  the  neces¬ 
sary  conditions,  such  an  elementary  (essentially  spark) 
discharge  in  an  arbitrary  cell  of  our  charge  density  grid 
should  be  able  to  cause  di,scharges  in  its  nearest  neigh¬ 
bours.  We  may  consider  a  situation  when  “breakdown 
infection”  spreads  all  over  the  cells  where  the  local 
electric  field  amplitude  exceeds  some  activation  level 
that  is  smaller  than  critical  one.  (We  draw  an  analogy 
here  with  a  laser  triggered  discharge  experiment,  where 
the  electric  field  necessary  for  initiating  a  streamer  is 
greatly  scaled  down  [1.5]).  Single  cell  breakdown  leads 
to  the  “metallization”  throughout  all  of  the  activated 
zone  (a  network  of  the  closest  neighboring  cells  where 
the  electric  field  amplitude  exceeds  the  activation 
level).  Ionization  propagates  through  the  activation 
network  by  means  of  a  “domino”  effect. 

With  the  above  prescription,  we  maintain  a  two¬ 


dimensional  cellular  automaton  (CA)  “breakdown 
spreading”  model.  In  this  study  we  use  automaton  grid 
of  500x500  cells.  Each  cell  is  characterised  with  a  volt¬ 
age  drop  U  between  maxima  and  minima  of  the  electric 
wave.  The  voltage  drops  increase  over  time.  To  de¬ 
scribe  the  voltage  drop  growth  we  use  random  deposi¬ 
tion  algorithm  [16],  When  the  voltage  drop  amplitude 
reaches  some  critical  value  Uc  there  is  a  breakdown  in 
the  cell  and  the  conductive  lattice  site  with  a  short  life¬ 
time  appears.  At  this  point,  voltage  drop  disappears  and 
then  goes  up  again(see  Figure  1). 


0  0 


Figure  1. 

We  enter  a  cumulative  distribution  function  of  cells 
f(U)  over  this  voltage  drops,  such  that  f(U)dU  charac¬ 
terises  specific  fraction  of  cells  where  the  voltage  drops 
amplitude  U  hitting  in  an  interval  [U.U+dU].  It  is  ob¬ 
vious  that  =  ' •  A  lattice  .site  where  the 

voltage  drop  exceeds  some  activation  level  Ua  will  be 
referred  to  as  ‘activated  cell’,  p  =  f{U)dU  is  spe- 

cific  volume  of  the  activated  cells.  We  assume  that  a 
separate  site  breakdown  causes  breakdowns  in  neigh¬ 
boring  cells,  if  the  corresponding  voltage  drop  exceeds 
the  activation  level  and  the  single  cell  breakdown  tends 
to  the  ’metallization’  throughout  the  activated  cluster. 


Ua=24  3.  Tinne=20000,  Uc=200 


Time 
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Figure  2.  Activetive  cells  temporal  evolution 


In  that  way,  each  site  of  the  lattice  can  be  in  one  of 
three  different  states:  the  cell  can  be  activated;  the  cell 
can  be  inert;  the  cell  can  be  metallized.  The  lattice  is 
updated  in  parallel  according  to  the  following  algo¬ 
rithm:  (i)  a  site  occupied  by  a  conductive  cell  becomes 
inert  in  the  succeeding  time  step;  (ii)  an  inert  site  be¬ 
comes  activated  when  correspondent  value  of  U  ex¬ 
ceeds  Ua'y  (iii)  an  activated  site  becomes  conductive 


Ua=33.  Tim9=3500.  Uc=200 
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Figure  3.  Metallized  cluster  size  as  function  of  time, 

if  correspondent  value  of  U  becomes  equal  to  Uc  or  if  it 
belongs  to  the  activated  cluster  that  contains  such  a 
critical  site.  So,  the  ionization  is  implied  passing  acti¬ 


vated  cluster  in  one  time  period  step  in  the  model.  We 
choose  the  voltage  drop  growth  rate  so  small  (-^^l-lOs) 
that  even  the  largest  cluster  ’’bums  down”  rapidly,  before 
new  activated  bond  grows  at  its  edge. 


10^  10^  10^  10* 
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Figure  4.  Power  spectrum  of  the  activetad  cells  number. 

Temporary  fluctuations  in  the  breakdown  ignitions 
are  shown  in  Figure  2  for  two  different  values  of  UJUc^ 
Correspondent  mean  number  of  active  cells 

{p)  =  fifjyiU  having  been  calculated,  we  obtain 

that  fluctuation  amplitude  increases  when  <p>  tends  to 
some  critical  value  pc-0.59  (see  below).  We  construct  a 
temporal  record  S(t)  of  the  “breakdown  spreading”  in 
the  model.  We  define  S(t)  in  the  following  way.  The 
signal  is  always  zero  except  at  those  instances  when 
breakdowns  occur,  in  which  case  S(t)  is  equal  to  the 
size  of  the  cluster  metallized  at  /.  That  is  (as  depicted  in 
Figure  3),  the  signal  S(t)  consists  of  a  set  of  delta  spikes 
of  height  equal  to  the  metallized  cluster  size.  Figure  4 
shows  the  power  spectrum  for  activated  cells  number  that 
reveals  scaling  properties  of  the  metallization  process  in 
vicinity  of  percolation  threshold.  Figure  5  shows  numerical 
result  for  cumulative  distribution  flinctions/ff/) 

Our  model  of  the  breakdown  spreading  is  very  simi¬ 
lar  to  a  class  of  models  referred  to  as  ‘forest-fire  mod¬ 
els’  [17].  Cluster  metallization  in  thunderclouds  cone 
sponds  to  the  trees  that  catch  fire  spontaneously  in  the  for 
est-fire  models.  A  fire  burns  the  very  same  cluster  of  trees 
where  it  started,  Forest-fixe  models  also  exhibit  SOC  [17]. 

One  way  of  looking  at  the  breakdown  infection 
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spreading  is  in  terms  of  the  percolation  theory  [18;  19]. 

The  description  is  “mean  field”  in  the  sense  that  spa¬ 
tial  correlations  are  ignored,  and  activated  bonds  are 
considered  to  be  randomly  distributed  all  over  the  lat¬ 
tice  at  a  density  equal  to  p.  In  this  approximation,  the 
sizes  of  burned-out  clusters  are  simply  given  by  the  ex¬ 
pression  in  percolation  theory  for  the  sizes  of  connected 

clusters:  /?  =  (27i://r)(jp^-/?|/ ,  where  pc  is  threshold 
concentration,  and  v  is  the  correlation  radius  critical 
exponent.  Figure  6  shows  the  cluster  size  power  depres¬ 
sion,  that  confirms  theoretical  result  N- 

-f" -ipAp))"' ■ 

Thus  the  external  driving  of  the  system  connected 
with  the  electrostatic  streaming  instability  is  obviously 
much  slower  than  the  internal  relaxation  processes 
connected  with  the  small-scale  electric  discharges.  The 
fine  thundercloud  electrical  structure  is  built  up  on  the 
scale  of  seconds,  whereas  the  fine-scale  electrical  en¬ 
ergy  is  released  in  a  few  microseconds  during  microdis¬ 
charges. 


Potontial  difference 
Ua=33,  Time=3500,  Uc=200 


Figure  5.  Cumulative  distribution  functions. 


This  is  the  separation  of  time  scales  that  turns  our  sys¬ 
tem  into  the  SOC-like  dynamical  state  [22,23].  The  sepa¬ 
ration  of  time  scales  is  closely  connected  with  the  existence 
of  the  breakdown  threshold.  The  fine-scale  electrical  field 
has  to  build  up  enough  to  pass  a  certain  critical  value.  This 
occurs  over  a  much  longer  period  of  time  than  the  short 
breakdown  time  interval. 

The  model  discussed  allowed  us  to  estimate  the  ap¬ 


pearance  rate  F  of  microdischargcs  (activated  cells  dis¬ 
charges).  This  rate  is  determined  by  the  relation 


here  y  is  the  growth  rate,  and  V  is  the  volume  of  the 
thundercloud  active  part,  where  the  instability  takes 
place.  On  preliminary  breakdown  stage,  when  the  acti¬ 
vated  cluster  length  is  large  enough  for  the  leader  pro¬ 
gression,  we  have  Putting  V~10‘V  and  <3~10m, 
Y~0.1s‘',  we  find:  F-2.510''‘s'^  this  is  in  good  qualita¬ 
tive  agreement  with  experiment  [20]. 

4.  DISCUSSION 

Summarising  the  above  results,  we  can  conclude  that 
exploration  of  short-scale  electrical  structure  of  a  thun¬ 
dercloud  is  very  promising  for  understanding  the  pre¬ 
liminary  stage  of  a  lightning  discharge.  The  small-scale 
electrical  stratification  is  caused  by  a  thundercloud  free 
energy,  which  is  stored  in  the  multiflow  motion  of  the 
cloud  media.  Small-scale  breakdown  spreading  leads  to 
the  formation  of  a  stepped  leader  at  the  final  stage. 


Figure  6.  Numerical  illustration  of  how  the  metallized  cluster 
size  is  uniformly  depressed  when  (pc-<p> )  increases. 

It  is  already  known  that  at  the  preliminary  stage  the 
long  leader  initiation  requires  a  high  ionization  degree 
of  the  head  gas,  along  with  an  energy  supply  necessary 
for  heating  it  to  “arc  temperatures”  and  for  compensa¬ 
tion  of  heat  losses  [21].  An  ordinary  streamer  mecha¬ 
nism  of  energy  supply,  inherent  in  a  discharge  in  free 
gas,  reduces  the  incorporation  of  electrical  charge  into 
the  leader  cover.  The  streamer  mechanism  is  power 
consuming,  since  streamer  development  requires  a 
strong  electric  field  over  the  whole  streamer  zone.  In 
our  case,  the  ionization  process  penetrates  the  intra¬ 
cloud  volume,  that  is  already  ’saturated’  with  energy 
and  charge  due  to  the  beam  plasma  instability.  The 
process  manifests  itself  as  a  self-maintaining  chain  re¬ 
action  and  may  be  regarded  as  SOC  phenomenon. 

As  a  system  will  evolve  into  a  SOC  dynamical  state,  a 
separation  of  time  scales  is  required.  The  process  con¬ 
nected  with  the  external  driving  of  the  system  needs  to 
be  mueh  slower  than  the  internal  relaxation  processes. 
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That  is  the  situation  we  deal  with  in  the  preliminary 
stage  of  lightning  discharge.  The  fine  thundercloud 
electrical  structure  is  based  on  a  time  scale  in  seconds, 
owing  to  the  electrostatic  streaming  instability.  This 
occurs  over  a  time  scale  much  longer  than  the  short 
breakdown  time  interval.  During  the  built-up  phase, 
energy  is  gradually  stored  in  the  fine  electrical  struc¬ 
ture.  This  energy  is  then  dissipated  almost  instantane¬ 
ously  at  the  moment  the  activated  cluster  metallizes. 

A  very  diverse  group  of  phenomena  in  science  have 
been  claimed  to  exhibit  SOC  behaviour.  It  started  out 
with  sandpiles,  earthquakes,  and  forest  fires.  Next  came 
motion  of  magnetic  flux  lines  in  superconductors,  water 
droplets  on  surfaces,  dynamics  of  magnetic  domains, 
and  growing  interfaces.  We  believe  that  thundercloud 
activity  should  be  added  to  this  group.  On  the  other 
hand,  ideas  about  SOC  should  considerably  affect 
thundercloud  physics. 

We  have  found  encouraging  results  in  the  similarity 
between  temporary  variations  in  the  number  of  cluster 
breakdown  ignitions  predicted  by  the  model  discussed, 
and  the  experimental  temporary  VHP  records  of  the 
preliminary  breakdown  process.  The  well-known  VHP 
radiation  spectrum  also  confirms  the  power-law  cluster 
distribution  discovered  here. 

We  hope  that  the  suggested  model  may  shed  some  light 
on  the  burst-like  space-time  fluctuations  observed  in  the 
preliminary  breakdown  stage,  and  will  stimulate  more  de¬ 
tailed  examination  of  the  thundercloud  fine  structure. 
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Abstract 

Natural  electromagnetic  radio  signal  in  the 
extremely  low  frequency  (ELF)  band  is  usually 
regarded  as  a  random  noise.  It  is  a  linear 
superposition  independent  EM  pulses  that  had 
originated  at  remote  global  thunderstorms  and 
traveled  to  an  observer  trough  the  Earth- 
ionosphere  cavity.  The  process  of  forming  an 
electromagnetic  response  (ringing)  of  a  resonant 
system  to  the  pulsed  excitation  has  much  in 
common  with  the  well-known  Brownian  motion 
(BM).  The  first  distinction  is  that  in  Brownian 
motion  the  impacts  of  individual  molecules  are 
integrated  by  a  moving  particle  having  a  great 
mass:  this  is  an  equivalent  to  a  low-pass  filtering 
of  the  random  noise.  Actually,  the  Earth- 
ionosphere  cavity  plays  rather  a  role  of  the  band¬ 
pass  filter  instead  of  LPF,  The  second  difference 
from  the  Brownian  motion  is  that  the  time  delay 
between  pulses  and  the  time  constant  of  the 
cavity  are  approximately  the  same,  while  in  a 
classical  case  they  are  separated  by  many  orders 
in  magnitude.  The  Hurst  exponential  is  often 
used  when  studying  random  and  chaotic  dynamic 


signals.  We  present  the  first  results  of  special 
processing  of  natural  ELF  radio  noise  for 
obtaining  the  Hurst  exponent  of  the  noise, 

1,  Introduction 

Properties  of  natural  radio  signals  strongly 
depend  on  their  origin.  Therefore,  their  features 
are  of  great  importance  when  we  study 
fundamental  characteristics  of  terrestrial  radio 
noise:  e.g.,  we  want  to  know  whether  the 
stochastic  signal  is  a  noise  or  a  dynamic  chaos.  In 
the  present  work,  we  apply  the  Hurst  exponent  to 
study  the  nature  of  extremely  low  frequency 
(ELF)  radio  noise  produced  by  electromagnetic 
(EM)  radiation  of  thunderstorms  from  all  over 
the  world.  The  Hurst  exponent  is  applied  for  the 
first  time  to  this  kind  of  signals,  as  far  as  we 
know.  The  standard  statistical  properties  of  the 
ELF  radio  noise  were  studied  in  70s  and 
published  in  literature  (see  for  instance  Evans 
and  Griffiths,  1974). 

To  check  the  workability  of  the  algorithm 
and  of  the  approach  itself,  we  used  the  radio 
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signals  recorded  with  two  orthogonal  horizontal 
magnetic  antennas  in  the  frequency  range  of 
Schumann  resonance  band  from  4  to  40  Hz  (a 
courtesy  from  Dr.  C.  Price).  Natural 
electromagnetic  noise  had  been  recorded  at  the 
Mitzpe  Ramon  field  site  of  Tel  Aviv  University 
at  Negev  desert  (30^  and  34TE).  We  used  the 
waveforms  of  NS  and  EW  outputs  recorded 
during  5  min  intervals  each  hour  of  a  day.  We 
demonstrate  here  results  of  processing  of  the  data 
collected  during  a  few  days  of  March  1998. 

2.  Results  of  data  processing  and 
interpretation 

The  Hurst  exponent  (  Hu )  is  defined  for  the 
random  series  following 

formula  {Turcotte,  1997): 


Here  is  the  discrete  data  set  with  the  index 
K  e  [l;  A^j ,  the  range  of  random  variable  equals: 

={^max)-(^n,in)  (2), 

its  standard  deviation  (or  RMS  value)  and  mean 
value  are  is  found  from 

(3) 


1 

(4). 

2Y  a:=i 

The  R/S  analysis  was  applied  to  river 
discharges  and  lake  levels,  thickness  of  tree 
rings,  variations  of  atmospheric  temperature, 
sunspot  numbers,  etc.  Generally,  Hue[0J;  0.8]. 
When  Hue[0,5\  0.1],  we  speak  that  the  process 
contains  persistence  (its  current  amplitude 
depends  on  the  pre-history),  while  Hue[0;  0.5] 
implies  anti-persistence.  For  the  Gaussian  white 
noise  the  tilt  of  the  line  equals  Hu  =  0.5 .  So,  the 
Hurst  exponent  describes  the  randomness  of  the 
statistical  data  set. 

We  had  included  the  number  of  samples  into 
analysis  that  satisfies  the  binary  condition 
M  =  2^ .  This  allows  us  to  divide  the  data  in  two 
parts  and  compute  the  R  and  S  values  for  each 
part,  find  their  ratio  and  average  it.  Then,  the 


N 


1  K=\ 


series  is  broken  into  four  parts,  and  the 
computational  procedure  is  repeated  once  again 
resulting  in  a  new  averaged  ratio.  Finally,  the 
elementary  data  slice  contains  two  points,  and  we 

have  in  this  case,  see  (2-4)  =  (2)^^  •  so 

thati?y52  =  (2)''^. 


Current  values  of 


are 


plotted  against  I  =  log2((V) ,  and  the  best  fit 

straight  line  gives  the  Hu  value  (1),  see  Fig.  1 
for  illustrations. 

The  figiare  depicts  two  colunms  of  plots 
related  to  computations  of  Hu .  The  left  column 
represents  the  data  obtained  for  the  record 
performed  around  09  UTC  on  March  17,  1998. 
The  right  frames  display  the  signal  recorded  at  06 
UT,  March  21.  In  the  data  set  processed,  the  left 
column  corresponds  to  the  highest  level  of  the 
Hu  values  and  the  right  one  represents  its  lowest 
values. 

The  upper  pair  of  plots  in  Fig.  1  shows  that 
there  exists  an  ‘inertia’  interval  /e[7-12] 
where  a  stabilization  of  accumulated  RMS 
amplitude  takes  place.  This  parameter  becomes 
practically  independent  of  the  element  length  N 
(see  Rytov,  1976).  We  also  indicated  the  level 
7  =  10  in  the  figiue  using  vertical  arrows  to 
demonstrate  its  optimal  position  and  applicability 
for  further  use  in  signal  processing:  the  RMS 
stabilization  already  had  occurred  at  this  level, 
while  the  signal  range  R  still  remains 
unsaturated  (see  the  middle  pair  of  the  plots). 
Saturation  of  range  estimate  comes  into  view 
when  7  >  12  .  It  is  probably  caused  by  the  finite 
dynamic  range  of  the  equipment.  The  middle  pair 
of  plots  illustrates  that  signal  range  initially 

grows  as  7“ ,  and  finally  approached  the  ■Jl 
dependence.  Saturation  corresponds  to 
“  -^max  “  “  ^0  (tHs  is  the  maximmu 

±10  F  value  of  analog-digital  converter),  and 


we  see  a  slanting  Hu  dependence  in  the  lowest 
frames.  Further  growth  of  the  RMS  amplitude 
may  even  reduce  the  Hurst  exponent.  One  may 
see  from  Fig.  1  that  inertia  interval  with  1/4  slope 
occupies  from  7  to  10  octaves.  The  level  7  =  10 
recommended  for  further  applications  in  the 
analysis  always  remains  within  inertia  interval 
regardless  the  two-fold  increase  of  signal  RMS 
amplitude  (a  four  time  increase  in  intensity)  we 
had  illustrated  in  Fig.  1. 
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March  17, 1998  March  21, 1998 


I  =  log2(N)  I  =  log2(N) 


Fig.  1.  Illustration  of  the  functional  dependence  of  the  parameters  involved  in  the  Hurst 
exponent  computations.  Upper  frames  demonstrate  the  RMS  amplitude  stabilization  for  the 
lowest  (left)  and  highest  (right)  signal  levels.  The  middle  frames  depict  how  the  saturation  of 
signal  range  occurs.  The  lowest  pair  of  plots  shows  resulting  Hurst  exponent.  Vertical  arrows 
indicate  the  7  =  10  level  we  recommend  for  the  further  analysis  when  studying  the  temporal 
variations. 
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Inertia  interval  having  the  1/4  slope  starts 
from  the  ‘knee’  area  /g[2,  3]  see  Fig.  1.  The 

knee  position  probably  depends  on  the  median 
interval  between  individual  EM  pulses.  The 
pulses  are  still  ‘resolved’  and  independent  at  short 
segments  of  the  signal,  and  the  S ,  R  and  Hu 
values  rapidly  vary  when  I  is  small.  For  the 
fragments  greater  in  duration,  many  independent 
pulses  take  part  in  forming  the  signal, 
stabilization  occurs  that  is  explained  by  the 
Central  Limiting  Theorem.  As  a  result,  we  obtain 
a  typical  anti-persistent  noise. 

When  the  pulse  rate  grows,  the  RMS 
amplitude  increases,  and  the  inertia  interval  starts 
from  lower  values  of  / .  Hence,  the  whole  line  of 
1/4  slope  has  to  shift  dovmward. 

The  fact  that  Hu  =  0.25  indicates  that  the 
natural  signals  in  Schumann  resonance  band 
should  be  regarded  as  an  anti-persistent  noise.  A 
physically  significant  conclusion  must  be  readily 
made.  Since  the  signal  is  a  composition  of 
individual  pulses  arriving  from  the  worldwide 
thunderstorm  activity,  and  the  resulting  noise  is 
normal,  we  have  to  conclude  that  no  interaction  is 
possible  between  individual  pulses. 

The  above  assumption  about  the  pulse  rate 
that  drives  variations  in  file  Hurst  exponent  may 
be  physically  justified:  variations  of  the  pulse  rate 
directly  modulates  the  RMS  noise  level  and  its 
range.  From  the  formal  point  of  view,  one  may 
suppose  that  variations  in  the  noise  intensity  are 
caused  by  pure  alterations  in  the  amplitude  of 
arriving  pulses.  Validity  of  such  an  assumption  is 
doubtful  from  the  physical  point  of  view  because 
a  lightning  stroke  in  the  atmosphere  initiates  after 
the  electrostatic  field  reaches  a  ‘standard’  level. 


An  increase  in  the  air  convection  and  cloud 
electrification  will  result  in  an  increase  of  the 
stroke  number  per  unit  time  rather  then  their 
amplitude. 

3.  Conclusion. 

Analysis  performed  in  the  present  study 
allows  to  conclude  the  following. 

1.  The  workability  of  the  algorithm  and  that 
of  approach  had  been  proven  for  the  natural 
radio  signals  in  the  ELF  band. 

2.  Natural  ELF  radio  signal  in  the  frequency 
range  of  Schumann  resonance  should  be 
regarded  as  an  anti-persistent  noise. 

3.  Indications  had  been  found  towards  diurnal 
variations  of  the  Hurst  exponent  that  may  be 
considered  as  a  replica  of  daily  changes  in 
the  electromagnetic  pulse  rate.  This 
conclusion  needs  further  investigation. 
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Abstract 

We  present  an  analytical  time  domain 
solution  for  the  ELF  electromagnetic  wave 
propagating  in  the  Earth  ionosphere  cavity.  The 
workability  of  the  formula  obtained  is 
demonstrated  by  computations  of  the  pulse 
waveforms  originating  from  a  point  vertical 
electric  source. 

1.  Introduction 

Natural  electromagnetic  radio  signal  in  the 
extremely  low  frequency  (ELF)  band  is  a  random 
succession  of  discrete  pulses  arriving  from  the 
global  thunderstorm  activity.  Lightning  strokes  are 
the  sources  of  ELF  waves  propagating  as  the  TEM 
mode  in  the  spherical  cavity  formed  by  the  surface 
of  the  Earth  and  lower  edge  of  ionosphere. 
Changes  in  the  waveform  occur  due  to  dispersion 
and  attenuation  in  the  ionosphere.  Therefore, 
initial  delta-pulse  arrives  to  a  remote  observer  as 
am  atmospheric  having  a  sharp  onset  followed  by  a 
low  frequency  tail.  The  Earth-ionosphere  cavity 
and  Schumann  resonance  play  the  role  of  the  low 
frequency  band-pass  filter  in  radio  propagation. 

When  computing  the  fields,  one  applies  the 
Fourier  transform  of  the  frequency  domain  field 
components  [Nickolaenko  and  Hayakawa,  1998]. 


First,  the  fields  are  found  using  the  mode  theory 
[Wait,  1962],  and  then,  the  time  domain  solutions 
are  computed  numerically  (Fourier  transform). 

We  had  construct  an  analytical  time-domain 
solution  for  the  pulsed  ELF  radio  wave  in  the 
spherical  Earth-ionosphere  cavity  in  our  previous 
work  [Nickolaenko  et  al.,  1999].  Now,  our  goal  is 
in  obtaining  a  compact  fonn  for  the  time  domain 
presentation. 


2.  Model 

A  point  vertical  electric  dipole  is  the  source 
of  the  radio  wave.  We  suppose  the  radiation 
moment  of  the  source  to  be  the  delta-pulse  in  the 
time  domain  M^(/)  =  •^(^) .  Therefore,  our 

solution  is  the  Green’s  function  of  the  EM 
problem.  Formal  representation  for  such  a  solution 
in  the  frequency  domain  is  well  known: 


E{co)  =  Ea  ^ 


{2n  +  l)i^(cos^) 


^on{n  +  l)-v{v+\) 

v(v+\)Mc[co) 


Ef.  =  , 

An  (OS  ha' 


(1) 

(2) 


(3) 
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^c(^) 


Ak  hac^ 


(4) 


We  use  the  polar  spherical  coordinate  system 
with  the  origin  at  the  center  of  the 
Earth.  The  ^=0  axis  points  to  the  source,  Eq 
denotes  the  amplitude  of  vertical  electric  field 
E^{a)  )  measured  in  V  sec/m,  h{(0  )  is  the  full 
horizontal  field  component  in  A  sec/m,  co  is  the 

circular  frequency,  a  is  the  radius  of  the  Earth,  h 
is  effective  ionosphere  height,  s  is  the  dielectric 
constant  of  the  vacuum,  9  is  the  angular  distance 

|^cos(«-  -  ^ )]  and  P  |,j^cos(;7Z-  -  ^ )]  are  the 
Legendre  and  associated  Legendre  functions  that 
depend  on  the  source  distance,  v(ty )  is  the 
propagation  constant  of  the  ELF  radio  wave. 


integrand  are  situated  found  from  the  following 
equation: 

Ai(rt  +  l)-v^((»)j^v(<y)  +  lj  =  0  (6) 

We  use  in  this  work  the  linear  heuristic  v(/) 

dependence  that  corresponds  to  experimentally 
observed  Schumann  resonance  frequencies  of  8, 
14,  20,  etc.,  Hz  [Nickolaenko  et  al.,  1999]: 

v(<y )  =  Ao)  +  B  with  A  =  ^^271 


"3- 

We  should  note  here  that  any  spectral  function 
F{co  )  satisfies  the  Hermitic  symmetry  condition: 


^00;r 


F(-co)  =  F'(co) 


(7) 
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Fig.  1.  Sample  of  computed  pulse  waveforms  E{t)  at  10  and  15  Mm  distance.  Solid  lines  in  the  plots 
demonstrate  dependence  (16),  while  dashed  lines  depict  results  computed  using  sort  (18)  form. 


Since  Re[v'|>0  and  lm|t/|<0,  the 

traveling  ELF  radio  waves  attenuate  with  distance. 
The  time  domain  solutions  are  obtained  after 
Fourier  transformation,  e.g., 

E{t)  =  ^]EXco)e^‘-dt  (5) 

The  fields  are  presented  in  the  time  domain  as 
a  sum  of  residuals  over  the  poles  positioned  in  the 
upper  half  of  the  complex  ifrequency  plane: 

The  integration  path  in  ‘omega  plane’  is 
closed  into  upper  half-space  where  the  poles  of 


£(') = 4  E 


n('H-l)f.(cosg)  „ 


dv 


and 


H{t)  =  A„  £ 


”  do) 


,  ^ 

dco 

with  the  time  domain  amplitudes 


A,= 


r  —  2  nnd  Af,  — 


4;r  hoc 


2  ■ 


(8) 


(9) 


534 


We  demonstrate  below  that  the  time  domain 
series  (8)  and  (9)  are  transformed  into  compact 
analytical  expressions  describing  propagation  of 
an  ELF  pulse.  The  linear  frequency  dependence  of 
propagation  constant  plays  an  important  role  in 
obtaining  compact  formulas.  In  this  case  the  poles 
become  equidistant  and  are  placed  symmetrically 
in  respect  to  the  ordinate.  This  allows  obtaining  of 
the  following  simple  relations: 


£(0  =  24Re|£ 


«(n+l)/^{cos^) 


e 


H{t)  =  2A„  Im 


I 


10) 

(11) 


One  may  see  that  each  term  in  (10)  and  (11) 
contains  the  factor  that  exponentially  decays  in 
time  (parameter  ^  is  a  complex  value).  These 
factors  become  unity  when  /  =  0,  and  the  series 
diverge  at  the  source  point  ^  =  0 .  Both  the  series 
converge  uniformly  and  absolutely  within  the 
whole  Earth-ionosphere  cavity  for  an  arbitrary 
time  /  >  0,  including  the  point  where  the  lightning 
discharge  was  situated.  When  the  time  t  increases, 
the  exponential  factors  rapidly  decay  for  higher 
mode  numbers  n.  Hence,  a  smaller  amount  of 
terms  is  necessary  to  provide  the  same  accuracy  of 
the  sum  computations. 


3.  Accelerating  convergence 

To  accelerate  the  convergence  of  series  (10) 
and  (1 1)  we  apply  the  technique  used  in  frequency 
domain  (Nickolaenko  and  Rabinowicz,  1974). 
Consider  the  generating  function  for  the  Legendre 
polynomials: 


=  = ^ - r  (12) 

(l-2gx  +  g^)^ 

.  / 

where  g  =  e  ^  and  x  -  cos  9  . 

Series  (12)  converges  uniformly  and  absolutely 
within  the  unit  circle.  After  differentiating  (12)  in 
respect  to  g  inside  this  circle  we  may  obtain: 


00 


13) 


From  the  other  hand,  series  (13)  equals: 

- 1  = 


\-xg 


(14) 


{l-xg  +  g^y 


-1 


xg  +  g 

We  obtain  an  additional  series  using  term  by 
term  integration  in  respect  to  g  : 


6  OO 

0  /j=l 

I 


n  t- 1 


\~x 


(15) 


We  have  after  substituting  equations  (12  -15) 
into  (10): 


+  B(R,  - 1)  +R(5  + 1)[^ 


5(5  +  1)^  S 


^(n  +  l)(«-5)J 


S  > 
(16) 


Expression  for  the  magnetic  field  component 
is  even  more  compact: 


1 

—  nil  5 

'l-2xg  +  g^' 

(17) 


4.  Discussion  of  the  results 

We  see  that  ELF  pulsed  signals  are  described 
in  a  clear  compact  way.  In  case  of  direct 
proportionality,  namely,  when  parameter  5=0 
and  A^O ,  analytical  formulae  become  extremely 
simple: 


5(0  =  5,  Re 


1-xg 


(l-2xg  +  g^} 


% 


(18) 


//(/)  =  H,  Im 


1 

4  ' 

O' 

{l-2xg  +  g^ 

)0 

(19) 
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Computed  waveforms  for  the  electric  pulses 
are  shown  in  Fig.  1  obtained  at  10  and  15  Mm 
distances.  Time  delay  from  the  stroke  is  shown 
along  the  horizontal  axis  of  the  plots  in  ms.  Pulse 
amplitude  is  depicted  in  arbitrary  units  on  the 
ordinate.  Solid  lines  in  this  figure  show  the 
solution  (16),  and  dashed  line  represents  equation 
(18).  One  may  see  an  increase  of  the  pulse  delay 
with  the  distance.  Antipodal  and  rormd-the- world 
waves  are  clearly  seen  in  the  plots. 

5.  Conclusion 

To  conclude  the  report  we  repeat  the  main  results. 

1.  The  compact  analytical  time  domain  solutions 
were  obtained  for  both  ELF  field  components, 

2.  The  form  of  solution  depends  on  the  eigen¬ 
value  positions  in  complex  frequency  plane. 

3.  We  constructed  the  accelerating  procedure  for 
the  time  domain  solution  obtained  in  the  linear 

heuristic  dependence. 

4.  Formulae  become  extremely  compact  when 
y{o))  is  directly  proportional  to  frequency. 

5.  Computations  show  that  all  specific  features  of 
the  ELF  radio  pulses  are  pertinent  to  the 
compact  solutions. 

Acknowledgments:  This  work  had  been  supported 
in  part  by  the  INTAS  grant  No.  1991-96. 


References 

Wait,  J.R.,  Electromagnetic  waves  in  stratified 
media,  Pergamon  Press,  Oxford,  New  York, 
Paris,  1962. 

Nickolaenko  and  Rabinowicz,  Speeding  up  the 
convergence  of  zonal  harmonic  series  in  the 
Schumann  resonance  problem,  J,  Atmos,  Terr. 
Phys.,  36,  979-987,  1974. 

Nickolaenko,  A.P.  and  M.  Hayakawa,  Natural 
electromagnetic  pulses  in  the  ELF  range, 
Geophys.  Res.  Lett,,  25,  3103-3106,  1998. 

Nickolaenko,  A.  P.,  M.  Hayakawa,  LG.  Kudintseva, 
S.V,  Myand,  L.M.  Rabinowicz,  ELF  sub- 
ionospheric  pulse  in  time  domain,  Geophys.  Res. 
Lett,  26,  999-1002,  1999. 


A.  P.  Nickolaenko 
was  bom  in 
Kharkov,  Ukraine 
on  Jime  08  1944. 
He  graduated  from 
the  Kharkov  state 
University  in  1966 
and  joined  the 
Institute  of  Radio 
Physics  and 

Electronics  of  the 
Academy  of 
Sciences  of  the  Ukraine  (IRE).  In  1972,  he  got  the 
degree  of  Candidate  in  Phys-Math  Sciences  (an 
equivalent  of  Ph.D.)  from  the  Kharkov  State 

University.  In  1974  he  was  elected  as  a  Senior 

Scientist  of  IRE,  In  1988,  A.  P.  Nickolaenko  got 
the  degree  of  Doctor  in  Phys-Math  Sciences  from 
Kharkov  State  University.  In  1985-1996,  A.P. 
Nickolaenko  was  a  Senior  and  Leading  (since 
1988)  Scientist  of  the  Radio  Astronomical 
Institute.  In  1996  he  returned  to  the  Institute  of 
Radio  Physics  and  Electronics  of  NASU  as  a 
Leading  Scientist.  Dr.  A.P.  Nickolaenko  took  part 
in  34-th  Soviet  Antarctic  Expedition  (1988-1989) 
as  a  member  of  season  stuff  at  the  ‘Bellinshausen’ 
station.  In  1995  and  1998-1999.  Dr.  A.P. 
Nickolaenko  worked  for  the  University  of  Electro- 
Communication  as  invited  professor  (Department 

of  Electronic 
Engineering, 
laboratory  of  Prof 
M.  Hayakawa) 

L.  M.  Rabinowicz 
was  bom  in 
Kharkov,  Ukraine 
on  June  02,  1948. 
He  graduated 
from  the  Kharkov 
state  University  in 
1972.  Since  1966, 
L.M.  Rabinowicz 
worked  for  the  Institute  of  Radio  Physics  and 
Electronics  of  the  Ukrainian  Academy  of  Sciences 
(IRE).  He  got  the  degree  of  Candidate  in  Phys.- 
Math.  Sciences  (an  equivalent  of  Ph.D.)  from  the 
Kharkov  State  University  in  1989.  Since  1986,  Dr. 
L.M.  Rabinowicz  works  as  the  Research  Fellow 
for  the  Radio  Astronomical  Institute  of  National 
Academy  of  Sciences  of  the  Ukraine. 


BIOGRAPHICAL  NOTES 


EMC  2000 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


THREE  DIMENSIONAL  RAY-TRACING  FOR  VERY  LOW  LATITUDE 
WHISTLERS,  WITH  CONSIDERING  THE  LATITUDINAL  AND 
LONGITUDINAL  GRADIENTS  OF  THE  IONOSPHERE 


Kenji  Ohta  and  Hiroshi  Kanzaki 

Department  of  Electronic  Engineering,  Chubu  University,  Kasugai  Aichi,  487-8501  Japan 

(e-maO:ohta@isc.chubu.ac.jp) 

Masashi  Hayakawa 

Department  of  Electronic  Engineering,  The  University  of  Electro-Communications,  Chofu  Tokyo 
182-8585,  Japan  (e-mail:hayakawa@aurora.ee.  uec.ac.jp) 


Abstract 

Propagation  mechanism  of  very  low  latitude, 
less  than  geomagnetic  latitude  20°,  whistlers  is 
poorly  understood,  and  this  paper  examines 
the  propagation  characteristics  of  non-ducted 
propagation  at  very  low  latitudes  by  using  3-D 
ray  tracing  for  realistic  ionosphere  /magne¬ 
tosphere  models  with  latitudinal  and 
longitudinal  gradients  and  IGRF  magnetic 
model  By  making  full  use  of  systematic 
analyses  of  ionospheric  parameters,  we 
conclude  that  Local  Time  (L  T)  the 
dependence  of  occurrence  rate  of  whistlers  at 
very  low  latitudes  can  be  accounted  for  by 
means  of  the  latitudinal  gradient  of  the 
ionosphere, 

1.  Introduction 

As  is  summarized  in  our  review  papers  [1] 
[2]  the  propagation  mechanism  of  whistlers  at 


very  low  latitudes  (geomagnetic  latitude,  less 
than  20°)  is  very  controversial,  because  both 
ducted  and  non-ducted  propagations  have  been 
proposed.  However,  in  our  previous  paper  [3] 
we  have  investigated  the  non-ducted 
propagation  in  the  three  dimensional  (3-D) 
situation  with  including  both  the  latitudinal 
and  longitudinal  gradients  of  the  ionosphere. 
And  we  have  succeeded  in  explaining  even  the 
presence  of  echo-train  whistlers  [4]  at 
geomagnetic  latitudes  10-15°  by  this  non- 
ducted  propagation. 

This  paper  is  a  further  extension  of  our 
previous  paper  [5],  and  we  try  to  explain  the  L. 
T.  dependence  of  very  low  latitude  whistlers 
by  above  non-ducted  propagation  mechanism. 
We  made  the  simultaneous  whistler 
measurements  in  South  China,  Zhanjiang 
(geomag.  lat.  10.0°N).  Based  on  our 
observation  and  the  results  by  Chinese 
colleagues  [6],  the  occurrence  of  very  low 
latitude  whistlers  is  extremely  limited  to  the 
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Fig.l  Profiles  of  background  magnelospheric 
electron  density 

L.  T.  interval  from  Oh  to  4h. 

2.  Ray-tracing  in  3-D  model 

2.1  Ray-tracing  model  (electron  density  and 
magnetic  field) 

The  electron  density  model  of  the 
ionosphere/magnetosphere  (N^)  is  expressed 
by  the  following  equation  [5]. 

NJr,  e  e)N,((P)  (1) 

where  is  the  diffusive  equilibrium 

model,  Ni(r)  is  the  modification  factor  due  to 
the  lower  ionosphere,  N^r,  6)  is  the  latitudinal 
gradient,  longitudinal  gradient,  and 

((J  ^  (geocentric  distance,  geographic 
colatitude,  geographic  longitude).  The  effect  of 
the  equatorial  anomaly  is  included  in  the 
following  way.  The  geographic  latitude  can 
be  related  to  the  geomagnetic  latitude  when  we 
specify  the  longitude  to  be  that  of  China 
because  the  latitudinal  density  gradient  is 
expressed  in  terms  of  the  following  Singh[7]’s 
expression. 

iVg '  =  i  +  C{r)  exp[ a(sin  ff-sindg')]  (2) 

where  6*  is  the  geomagnetic  latitude, 


a  and  sin  6^'  refer  to  the  parameters  in 
modeling  the  latitudinal  gradient.  The 
formula  for  C(r)  is  already  given  in  Ohta  et 
al.(3].  Then,  the  longitudinal  gradient  is 
given  by  Zhou  et  al.  [8], 

NM  :-L0^LG{m80)(<l>  -  <l)a)  (3) 

where  LG  is  the  factor  of  longitudinal  gradient, 
and  (po  is  the  reference  geographic  longitude. 

2.2  Ray  tracing  results 

The  information  on  the  nighttime  winter 
ionosphere  parameters  during  1978-1980  are 
based  on  the  ISS-b  satellite.  Fig.  1  is  the 
summary  of  the  possible  profiles  (A~F)  at  low 
latitudes.  Figs.  2  and  3  show  the  results  of  3- 
D  ray-tracing  computations  (f  =  5kHz) 
indicating  the  final  arrival  point  (h  =  120km) 
and  the  final  wave  normal  angle  there  for 
Model  A  and  for  Model  F,  respectively,  when 
the  two  parameters,  a  and  LG  are  widely 
changed.  The  reference  values  for  a  and  LG 
are  estimated  by  the  observational  results 
based  on  the  NSSDC  data  at  the  height  of 
120km  at  L.  T.  =  Oh  on  January  5th,  1988  on 
which  day  we  could  observe  the  largest 
number  of  whistlers  at  Zhanjiang.  Launching 
position  is  determined  that  the  final  position  in 
the  Northern  hemisphere  is  closest  to 
Zhanjiang  and  also  the  final  wave  normal  is 
closest  to  the  vertical  to  the  ionosphere. 

Fig.  3  is  the  corresponding  results  for  Model 
F.  Model  F  is  very  difficult  to  generate  ground 
whistlers,  such  that  we  can  expect  the 
reception  of  ground  whistlers  only  for  a  ^ 
13.55  (in  the  top  panel  of  Fig.  3). 
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2.3  Local  time  dependence  of  whistler  variation  in  LG,  and  so  wc  will  examine  the 
occurrence  rate  effect  of  a  (latitudinal  gradient). 


Examination  of  NSSDC  data  (on  the 
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Fig.2  Final  locations  and  incident  angle, 
when  parameters  of  a  and  LG  change 
(model  A) 
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Fig.  4  is  the  result  of  temporal  variation  of  a 
of  the  lower  ionosphere  (h=  120km)  in  the 
Southern  hemisphere  (geographic  coordinates, 
O.S^S,  IIO.O'^E)  on  Jan.  5th,  1988,  which  was 


LT 

Fig.4  Variation  of  a  with  LT. 


Fig.5  Profile  of  background  magnetospheric 
electron  density  (model  X) 

estimated  from  the  NSSDC  data.  This  figure 
shows  that  a  takes  the  largest  value  for  about  6 
hours  from  L,  T.  =  22h  to  L.  T.  =  4h.  This 
behavior  is  easily  expected  by  considering  the 


Fig.3  Final  locations  and  incident  angle, 
when  parameters  of  a  and  LG  change  (model  F) 

ionospheric  density  profile)  during  midnight 
shows  that  there  is  a  very  small  temporal 


spatial  and  temporal  evolution  of  the 
equatorial  anomaly.  This  time  interval  is 
nearly  consistent  with  the  observational  fact 
that  whistler  occurrence  is  limited  to  these  L. 
T  intervals. 
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Then,  we  have  developed  a  particular  profile 
based  on  the  NSSDC  data,  in  which  the 
whistler  is  observable  for  a  >  8.  This  profile 
X  is  given  in  Fig.  5,  which  is  closer  to  Model 
F,  whose  important  characteristic  is  a  sharp 
transition  layer  at  lower  altitude  (•-600km). 

Fig.  6  illustrates  the  corresponding  result  for 
Model  X  with  changing  a  and  LG.  Then,  the 
rays  with  the  final  wave  normal  angle  less  than 

1.4'’  (indicated  as  a  white  area)  are  able  to 
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Fig.6  Final  locations  and  incident  angle, 
when  parameters  of and  LG  change 
(model  X) 


penetrate  through  the  ionosphere  onto  the 
ground.  This  area  exists  only  at  the  left 
bottom  of  the  middle  panel.  However,  with 
the  increase  in  a  and  decrease  in  LG,  the  area 
of  the  ground  reception  is  found  to  be 
widened. 


3.  Conclusion 


This  3-D  non-ducted  propagation  with  a 
scatter  in  the  initial  wave  normal  angle  in  the 
Southern  hemisphere,  is  used  to  explain  the 
limited  occurrence  of  very  low  latitude 
whistlers  in  the  L.  T=0h  to  4h.  We  can 
summarize  the  present  studies  as  follows. 

(1)  The  propagation  of  very  low  latitude 
whistlers  can  be  explained  and  determined  by 
the  propagation  characteristics  in  the 
ionosphere,  not  by  the  lightning  activity. 

(2)  The  3-D  non-ducted  propagation  with 
taking  into  account  a  plausible  small  scatter  in 
the  initial  wave  normal  angle,  is  very  likely  to 
explain  the  propagation  characteristics  of  very 
low  latitude  whistlers.  The  ground  reception  is 
found  to  be  strongly  dependent  on  the 
ionospheric  latitudinal  gradient. 

(3)  The  L.  T.  dependence  of  the  occurrence 
of  very  low  latitude  whistlers  can  be  explained 
by  the  L.  T.  dependence  of  the  latitudinal 
gradient  of  the  ionosphere. 

(4)  Then,  the  L.  T.  dependence  of  the 
occurrence  of  whistlers  may  be  used  to  infer 
the  possible  magnetospherlc  /ionospheric 
profile  (especially  information  on  the 
transition  layer)  and  a  latitudinal  gradient. 
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A  technique  of  tomographic  reconstruction  of  the 
worldwide  lightning  activity  is  proposed.  The  technique 
is  based  on  measurement  of  average  Schumann 
Resonance  (SR)  spectra  from  different  distant  receiving 
stations  distributed  over  the  globe.  Distance  profiles  of 
lightning  intensity  recovered  from  average  spectra 
measured  at  each  station  are  used  for  tomographic 
reconstruction.  An  effective  algorithm  for  tomographic 
reconstruction  has  been  developed  to  reduce  required 
computational  resources.  It  is  shown  that  characteristic 
structure  presented  by  the  world  thunderstorm  centers 
can  be  resolved  by  only  few  distant  optimally  placed 
observation  stations.  A  possibility  of  reconstruction  of 
global  lightning  spatial  distribution  by  application  data 
from  existing  SR  field  sites  is  numerically  studied. 

1.  INTRODUCTION 

Radio  waves  in  the  lower  end  of  ELF  band 
propagating  within  the  Earth-ionosphere  waveguide 
exhibit  very  low  attenuation.  In  the  result  of  interference 
between  radio  waves  repeatedly  passed  the  globe 
circumference  a  phenomenon  laiown  as  Schumann 
Resonances  [1,  2]  is  observed  in  spectra  of  natural 
electromagnetic  emissions.  It  is  commonly  assumed  that 
the  observed  SR  are  excited  by  lightning  discharges  and 
their  amplitudes  supply  information  about  global 
thunderstorm  activity  concentrated  mainly  in  tropic  belt 
over  land  areas.  Interest  to  the  SR  as  indicator  of  global 
environmental  changes  was  stimulated  last  years  after 
Williams's  work  [3],  in  which  strong  correlation 
between  amplitude  of  the  r‘  mode  of  SR  and  anomalous 
changes  in  average  tropical  temperature  was  revealed 
during  a  6-year  time  span.  Resent  works  employ  SR 
measurements  for  inferring  global  thunderstorm  activity 
and  its  spatial  reconstruction  by  using  model  of  the 
world  thunderstorm  centers  [4-9]. 

A  simplified  consideration  employing  a  point 
source  model  placed  on  tlie  Earth  surface  at  some 
distance  from  an  observer  determines  two  characteristic 
ranges.  The  first  is  the  globe  circumference  that 
determines  basic  SR  frequencies.  The  second  is  a 
difference  between  direct  and  passed  trough  the 
antipodal  to  an  observer  point  path  lengths.  Direct  and 
antipodal  waves  come  to  an  observation  point  with 
phase  difference  determined  by  source-observer  range 


and  interfere  "pure"  SR  producing  a  distance  signature 
in  field  spectra. 

Apart  from  horizontal  magnetic  or  vertical  electric 
field  spectra  of  SR  their  combinations  emphasizing  the 
distance  signature  are  employed  for  locating  of 
lightning  at  great  distances  [10-13]. 

Observed  SR  signal  morphologically  consists  of 
background  formed  by  overlapping  pulses  from 
lightning  discharges  non-uniformly  distributed  all  over 
the  globe  occurred  with  rate  of  about  100  s'*  and  so- 
called  Q-bursts  excited  by  “super”-discharges  [14].  Q- 
bursts  exceed  a  background  amplitude  by  a  few  times, 
and  interval  between  them  is  from  few  seconds  to  few 
minutes.  While  Q-bursts  are  isolated  events  and  their 
sources  may  be  located  by  techniques  mentioned  above 
for  analysis  of  spatial  structure  of  the  global  lightning  a 
simple  model  of  world  thunderstorm  centers  is 
employed  usually. 

In  this  paper  we  introduce  a  technique  of 
tomography  reconstruction  of  the  worldwide  li^tning 
activity  structure  based  on  decomposition  of  average  SR 
spectra  measured  at  different  spaced  receiving  stations. 
Results  of  numerical  simulation  of  tomography 
reconstruction  are  discussed. 

2.  PRINCIPLES  OF  THE  WORLDWIDE 
LIGHTNING  TOMOGRAPHY 

Tomography  methods  are  based  on  reconstruction 
of  internal  structure  of  a  studied  object  from  integral 
quantities  measured  along  various  paths  through  an 
object  of  interest.  A  tomographic  projection  is  formed 
by  grouping  values  measured  along  parallel  paths  under 
some  angle  in  a  CToss-section  of  an  object.  Having  a 
number  of  projections  measured  under  different  angles  a 
desired  two-dimensional  distribution  may  be 
reconstructed  on  the  base  of  the  central  slice  theorem. 
Another  approach  used  e.g.  in  the  ionospheric 
tomography  employs  "pixel"  method  in  which  there  is 
no  necessity  to  form  projections  and  tomography 
reconstruction  is  performed  on  a  base  of  mathematical 
treating  of  an  equation  system  relating  integral 
quantities  measured  along  different  paths  and  pixel 
values  exhibiting  desired  two-dimensional  distribution. 
The  second  approach  is  employed  for  the  aim  of  global 
lightning  distribution  in  the  present  work. 
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Fig.  1.  Experimental  setup  for  the  worldwide 
lightning  tomography. 


Consider  integral  lightning  intensity  within  annular 
concentric  stripes  on  the  Earth  surface  with  center  at  an 
observation  point  as  shown  in  Fig.  1.  Lightning 
discharges  within  particular  annular  stripe  arc 
approximately  equidistant  from  an  observation  point 
and  form  the  same  distance  signature  in  measured  SR 
spectra.  Shvets  [13]  has  proposed  a  technique  for 
decomposition  of  average  power  SR  spectra  measured 
at  a  single  site  into  distance  lightning  intensity  profile. 
Each  point  in  such  a  distance  profile  represents  an 
integral  value  of  lightning  intensity  within  partial 
annular  stripe.  Different  distant  receiving  points  allow 
us  to  look  on  global  lightning  under  various  ’’angles  of 
view"  (see  Fig.  1)  and  provide  different  distance  profiles 
for  the  global  lightning,  which  may  be  considered  as 
tomographic  projections  in  a  certain  sense. 
Mathematical  treating  of  a  set  of  such  profiles  supplies 
reconstruction  of  the  global  lightning  over  the  Earth 
surface.  Experimental  setup  for  the  worldwide  lightning 
tomography  is  presented  in  Fig.l.  For  simplicity  only 
two  receiving  stations  are  shown.  We  can  see  that  model 
spatial  distribution  consisting  of  tw^o  thunderstorm  areas 
produce  different  distance  profiles  at  the  stations. 

Tims,  the  problem  of  the  global  lightning  mapping 
with  ELF  tomography  consists  of  two-stage  inverse 
problem.  Tlxe  first  includes  decomposition  of  measured 
average  SR  spectra  at  a  number  of  stations  distributed 
over  the  planet.  The  second  includes  reconstruction  of  a 
surface  distribution  of  the  global  lightning  activity  from 
a  set  of  distance  profiles.  Both  of  these  stages  are  ill 
posed  problems  with  constrictions  dictated  by  physical 
sense  of  desired  nonnegative  quantities  of  lightning 
intensity  and  must  be  solved  by  the  regularized  least 
squares  method  (sec  e.g.  15,  16). 

3 .  DISTANCE  PROFILING  OF  THE  WORLDWIDE 
LIGHTNING 


The  background  SR  signal  is  formed  by 
incoherently  overlapping  pulses  from  lightning 
discharges  non-unifonnly  distributed  over  the  Earth 
surface,  which  occur  at  arbitrary  and  uncorrelated 
moments  with  Poisson  interx^al  distribution.  Thus,  after 
averaging  of  current  lightning  moments  within  partial 
distance  intervals,  we  can  write  an  approximate  relation 
for  the  total  energy  of  the  signal  postulating  incoherent 
summation  of  energies  of  pulses  produced  by  each 
lightning  stroke  [13]: 

where  E  ^(p)^  is  measured  vertical  electric  component, 
Si  is  a  number  of  discharges  from  distance  interval 
(annular  stripe),  is  a  number  of  distance  intervals, 
7"  [is  a  mean  lightning  current  moment,  e(co,Di)  is  a 

frequency  response  of  the  Earth-ionosphere  cavity  on 
vertical  electric  discharge  from  distance  A  (see  Wait, 
1970  17  ;  Galejs,  1972  18;  Bliokh  et  al.,  1980  19).  We 
suppose  that  field  spectra  of  the  sources  within 
interval  arc  the  same,  each  interval  is  represented  by 
ensemble  of  strokes  enough  for  statistical  averaging, 
and  a  mean  current  moment  [aT*  j  is  independent  of 

distance.  We  also  suppose  propagation  parameters  and 
frequency  dependence  of  [aT”  |  being  known  (see  e  g. 

Ishaq  and  Jones,  1977;  Bliokh  et  al.,  1980;  Jones  and 
Burke,  1992).  Eq.l  can  be  presented  in  operator  form: 

Ax  s  b,  X.  =  .S’,.  >  0,hj  =  ^2) 

A^j  =  \M  |e(ffl  , ,  D,  )p  =  \  ..N  ,  j  =  1 . 

where  X  is  an  unknown  vector,  P  is  a  number  of 
discreet  points  in  an  anaH7:ed  spectrum.  The  task  can  be 
also  resolved  if  we  use  measured  orthogonal  magnetic 
components  instead  of  the  vertical  electric  component 
by  the  same  way.  As  was  shown  by  Shvets  [3]  a  linear 
combination  of  electric  and  full  magnetic  power  spectra 
emphasizing  a  distance  signature  may  be  constructed 
and  can  be  used  for  recovering  of  distance  profile  of 
liglitning  intensity, 

4.  TOMOGRAPHY  RECONSTRUCTION 
PROCEDURE 

Lading  on  the  Earth  surface  a  net  with  A/  discrete 
ordered  points  and  assigning  tlicm  unknown  values  of 
lightning  intensity  we  get  an  unknown  A/-dimcnsional 
vector  s  .  Sum  of  elements  of  s  matching  annular 
stripe  centered  at  observation  point  is  equal  to 
value  of  distance  profile.  From  this  condition  the 
next  equation  system  can  be  constructed: 

where  Ski  “  is  an  integral  lightning  intensity  w’ithin 
distance  inter\^al  as  measured  from  observation  point. 
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Wjcjj  is  a  system  matrix  determined  by  geometry  of  the 
observation  points  distribution,  Sj  is  a  number  of 
lightning  strokes  at  y*  discrete  point  of  the  Earth 
surface,  A:  is  a  total  number  of  the  observation  stations. 
The  system  matrix  has  K*N  rows  and  M  columns. 
The  row  elements  of  die  system  matrix  can  be  unit  or 
zero.  Only  row  elements  matching  an  interior  of  partial 
annular  stripe  are  equal  to  unity  while  all  other  elements 
in  corresponding  row  are  zeros.  So,  geometry  of 
observation  points  distribution  and  type  of  a  discrete  net 
determine  the  system  matrix.  It  is  simply  to  show  that 
the  system  matrix  is  essentially  sparse.  Approximate 
estimation  of  part  of  nonzero  elements  in  a  matrix  row 
can  be  evaluated  from  ratio  between  area  of  a  partial 
spherical  annular  stripe  of  width  A  and  total  area  of  the 
Earth  surface. 

Solving  algorithm  for  tomographic  reconstruction 
from  Eq.  3  requires  considerable  computational 
resources  both  for  memory  and  processor  speed  because 
of  relatively  large  size  of  a  system  matrix  and  can  take 
much  time.  Possible  acceleration  of  a  solving  algorithm 
can  be  based  on  natural  supposition  that  some  points  in 
a  distance  profiles  takes  zero  or  very  small  values  due  to 
essential  non-homogeneity  of  a  global  lightning 
distribution.  Such  zero  points  in  distance  profiles  supply 
immediate  finding  of  zero  elements  of  unknown  vector 
s  and  excluding  of  corresponding  columns  from  Eq.  3. 


Geometrical  sense  of  this  operation  is  finding  of 
intersection  areas  between  nonzero  parts  of  all  distance 
profiles.  Tomographic  reconstruction  then  is  performed 
on  essentially  reduced  intersection  areas. 

5.  RESULTS  OF  MODELLING 

Two  basic  questions  arise  when  we  start  thinking 
about  practical  realization  of  the  technique  proposed. 

-  How  many  observation  points  it  is  need  for 
reliable  reconstruction  of  lightning  distribution? 

-  How  they  should  be  arranged  on  the  Earth 
surface? 

Both  of  these  questions  we  will  clarify  here  by 
means  of  numerical  simulation.  Some  reasons  for 
optimizing  of  observatories'  arrangement  could  be 
t^en  from  known  features  of  the  world  thunderstorm 
distribution.  As  was  mentioned  above  thunderstorms 
mainly  are  concentrated  in  the  world  thunderstorm 
centers  situated  predominantly  in  tropic  belt  over  land 
areas.  To  resolve  different  thunderstorm  zones  we 
have  to  require  them  to  be  distinguishable  one  from 
other  in  distance  profiles  recovered  from  different 
prospective  observation  sites.  For  that  their  positions 
should  be  chosen  at  points  differently  distanced  from 
various  thunderstorm  centers,  i.e.  in  tropics. 
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Fig.  2.  Results  of  reconstruction  of  a  model  lightning  distribution.  A  -  two  field  sites  placed 
within  tropics.  B  -  two  field  sites  placed  in  tropics  combined  with  high  latitude  station  that 
allows  increasing  lafitudinal  resolution 
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Fig.3.  Tomography  reconstruction  of  a  model  lightning  distribution  with  using  existing  SR  sites. 
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For  numerical  simulation  four  circle  zones  of 
different  sizes  covered  approximately  the  world 


Fig.  4.  Distance  profiles  recovered  from  average 
power  spectra  fonucd  at  the  SR  field  sites  by  model 
source  distribution 


thunderstorm  centers  were  used.  Co-ordinates  of 
model  standard  hghtning  discharges  were  calculated 
to  fill  stochastically  these  areas.  The  simulated  spatial 
distribution  was  used  for  calculation  of  average  power 
field  spectra  for  each  observation  station.  These 
spectra  together  with  field  site  co-ordinates  are  input 
parameters  for  tomographic  reconstruction  procedure. 

Results  of  tomographic  reconstruction  of  the 
model  lightning  distribution  for  optimized 
arrangement  of  prospective  ELF  receiving  stations  arc 
presented  in  Fig.2.  Co-ordinates  of  lightning 
discharges  arc  marked  by  small  filled  triangles.  The 
reconstruction  task  is  solving  on  a  sufficiently  reduced 
point  set  formed  by  intersection  between  all  distance 
profiles.  Crosses  mark  these  intersection  points  in  the 
figures.  Co-ordinates  of  field  sites  are  marked  by  large 
labeled  solid  triangles.  Contour  level  lines  in  these 
figures  present  reconstructed  lightning  distributions. 
We  can  sec  that  with  optimized  arrangement  for 
concentrated  in  tropics  sources  the  only  few 
observation  sites  allow  us  to  estimate  spatial  structure 
of  the  global  thunderstorm  activity. 

Reconstruction  result  with  existing  SR  observation 
sites  is  shown  in  Fig.3.  Some  minor  phantom  sources 
appear  for  such  combination  of  stations  and  hghtning 
distribution.  Comparisons  between  initial  and 
decomposed  distance  profiles  for  a  number  of 
operating  at  present  or  in  the  past  SR  field  sites  are 
presented  in  Fig.  4. 

6.  CONCLUSIONS 

1 .  A  technique  of  tomographic  reconstruction  of 
the  worldwide  lightning  activity  was  proposed. 

2.  The  technique  is  based  on  measurement  of 
average  SR  spectra  from  different  distant  receiving 
stations  situated  over  the  globe.  Distance  profiles  of 
lightning  intensity  are  recovered  from  the  average 
spectra  measured  at  each  station  and  used  for 
tomographic  reconstruction. 

3.  An  effective  algorithm  for  tomographic 
reconstruction  has  been  developed  to  reduce  required 
computational  resources. 
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4.  It  is  shown  that  characteristic  distribution  of  the 
world  thunderstorm  activity  concentrated  within  the 
world  thunderstorm  centers  can  be  resolved  by  only  few 
distant  optimally  placed  observation  stations. 

5.  Results  of  numerical  simulation  of  tomographic 
procedure  show  satisfartoiy  reconstruction  of  global 
lightning  distribution  by  application  existing  SR  field 
sites. 
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ULF  electromagnetic  emissions  associated  with  a 
large  earthquake  occurred  at  Biak  Island,  Indonesia  at 
5h  59m  UT  on  February  17,  1996  (magnitude  (Mw)  - 
8,2  and  depth  =  20  km  from  USGS  catalog),  have  been 
investigated  on  the  basis  of  ULF  magnetic  observations 
at  two  stations,  Biak  and  Darwin  in  Australia  (about 
1,200  km  apart).  Though  a  simple  analysis  of 
magnetic  field  intensity  (horizontal  and  vertical 
magnetic  field  components)  at  both  stations  was  found 
to  be  closely  correlated  with  geomagnetic  EKp  activity, 
a  detailed  analysis  of  the  difference  of  H  and  Z 
components  at  the  two  stations,  the  polarization 
analysis  (Z/H)  and  fractal  analysis  (frequency  spectrum 
slope)  at  these  two  stations  has  yielded  that  the  ULF 
emissions  (in  the  frequency  range  from  5  mHz  to  30 
mHz)  about  1. 5-1,0  months  before  the  quake  are  likely 
to  be  a  precursory  signature  of  the  quake  with  its 
intensity  on  the  order  of  0,2-0. 3  nT, 

\,  INTRODUCTION 

Electromagnetic  phenomena  are  recently  considered 
as  a  promising  candidate  for  short-term  earthquake 
prediction  (e.g.  Hayakawa  and  Fujinawa,  1994  [1]; 
Hayakawa,  1999  [2]),  and  since  the  paper  by  Gokhberg 
et  al.  (1982)  [3]  there  have  been  accumulated  a  lot  of 
evidence  of  precursory  signals  in  a  very  wide  frequency 
range  from  ULF  to  HF.  Especially,  the  ULF  range  is 
promising,  because  there  have  been  reported  convincing 
evidences  of  ULF  signature  for  recent  large  earthquakes 
(Kopytenko  et  al,  1990  [4];  Fraser-Smith  et  al, 
1990  [5];  Molchanov  et  al,  1992  [6];  Hayakawa  et  al, 
1996  [7];  Kawate  et  al,  1998  [8]).  However,  more 
data  on  the  presence  of  ULF  signature  of  earthquakes 
need  to  be  accumulated. 

The  earthquake  we  will  analyze,  took  place  in  Biak 
Island,  Indonesia  at  5h59m  U.T.  on  February  17,  1996 
(Geographic  coordinates,  0.27'"S,  136.54°E;  D=20km, 
and  M=8.0).  The  magnitude  of  this  earthquake  is 
larger  than  that  of  Spitak  and  Loma  Pricta  [4,  5,  6],  but 
is  very  close  to  that  of  Guam  earthquake  [7].  In  this 


paper  we  will  report  on  a  precursory  signature  of  this 
earthquake  in  ULF  emissions  on  the  basis  of  the 
conventional  analysis  of  intensity,  and  polarization  and 
fractal  analysis  at  two  remotely  separated  stations  (Biak 
and  Darwin  in  Australia)  as  shown  in  Fig.  1. 


Fig.l  The  relative  location  of  two  ULF  observing 
stations  (Biak,  Darwin)  and  the  earthquake 
epicenter. 

2.  ULF  MAGNETIC  FIELD  MEAvSUREMENTS, 
EXPERIMENTAL  RESULTS  AND  DISCUSSION 
The  ULF  magnetic  field  observation  has  been 
performed  at  two  magnetic  observatories,  (l)Biak 
(geographic  coordinates:  1.08®S,136.05°E;  geomagnetic 
coordinates:  12.02°S,  206.94°E;  L=1.05)  and  (2)Darwin 
(Australia)  (about  1,200km  apart  from  Biak)  (Fig.  1). 
The  ULF  magnetic  fields  at  each  station  are  measured 
by  three  ring-core-type  fluxgale  magnetometers  (H(NS), 
D(EW)  and  Z  (vertical)),  and  data  were  digitized  at  Isec 
sampling  rate,  which  limits  the  upper  analyzable 
frequency  to  be  about  0.4Hz.  Some  more  details  on 
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the  measurement  equipment  and  data  acquisition 
methods  are  given  in  Yumoto  et  ah  (1996)  [9].  The 
data  used  in  this  report  cover  the  period  from  November 
1,  1995  to  March  16,  1996.  Unfortunately,  the  data 
just  after  the  earthquake  (Feb.  18  to  March  1)  are 
missing.  The  distance  between  Biak  observatory  and 
the  epicenter  is  about  100km. 

As  in  the  paper  by  Hayakawa  et  al.  (1996)  [7],  we 
have  used  the  midnight  period  of  6  hours  from 
L.T.=22h-04h  because  the  variability  of  the  data  at  night 
is  already  known  to  be  smaller  than  at  daytime  (Saito, 
1969  [10])  and  also  we  expect  much  smaller  artificial 
noises.  The  waveforms  of  three  field  components 
during  each  interval  of  30  minutes  were  subjected  to  an 
FFT  analysis,  and  the  data  for  one  day  consist  of  12 
frequency  spectra  during  each  30  min.  intervals.  The 
frequency  spectrum  of  the  magnetic  field  intensity  for 
each  30  min.  interval  is  compared  with  the  average  (m) 
and  the  standard  deviation  (o)  over  the  whole  period 
(excluding  the  period  of  no  measurement).  After 
looking  at  many  frequency  spectra,  we  have  chosen  the 
frequency  range  from  5mHz(T=200s)  to  30inHz(-30s), 
where  ULF  activity  is  generally  enhanced.  In  order  to 
estimate  the  wave  activity,  we  define  the  following 
quantities:  When  the  signal  intensity  (either  H  or  Z) 


exceeds  its  corresponding  level  (m+a)  at  each  30  min. 
interval,  we  make  the  integration  (H(or  Z)(f)“m(f))  over 
the  frequency.  These  values  (for  H  and  Z)  are  plotted 
as  a  function  of  day  in  the  top  two  panels  (Biak  and 
Darwin)  in  Fig.2.  The  bottom  panel  indicates  the 
corresponding  temporal  evolution  of  geomagnetic 
activity  expressed  by  the  daily  sum  of  3  hours  Kp  index 
(DKp).  A  simple  glance  on  the  comparison  between 
the  ULF  activities  at  Biak  and  Darwin,  shows  that  the 
temporal  evolutions  at  both  stations  exhibit  a  general 
resemblence,  and  also  the  comparison  of  those  H  and  Z 
variations  at  those  stations  with  ZKp,  indicates  that 
when  we  observe  a  peak  in  SKp,  we  can  identify  the 
corresponding  enhanced  activities  in  ULF  a  few  days 
delayed  from  the  peak  as  is  known  in  the  pulsation 
study  (Saito,  1969  [10]).  This  overall  correlative  study 
may  suggest  that  ULF  activity  is  mainly  dominated  by 
geomagnetic  pulsation  activity.  This  kind  of  simple 
correlation  study  does  not  seem  to  have  yielded  any 
conspicuous  effect  in  ULF  in  good  contrast  to  the  case 
of  Guam  earthquake  (Hayakawa  et  al.,  1996  [7])  for 
which  even  this  kind  of  simple  analysis  has  suggested  a 
significant  seismo-effect  in  ULF.  This  is  because  the 
epicentral  distance  in  the  present  case  is  relatively  large, 
about  100km. 


Fig.2  The  temporal  evolutions  of  ULF  wave  activity  integrated  over  (0.005Hz-0.03Hz)  observed 
at  Biak  and  Darwin,  and  also  that  of  ZKp. 
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Fig.3  The  temporal  evolution  of  the  difference  in  ULF  activities  at  the  two  stations  (Biak  and  Darwin). 
The  difference  of  ULF  (Biak)  -  ULF  (Darwin)  is  plotted. 


As  a  next  step,  we  plotted  the  difference  of  ULF 
activities  at  the  two  stations  in  Fig.3.  The  most 
important  point  in  Fig.  3  is  that  the  ULF  activity  (both  Z 
and  H)  at  Biak  is  very  much  enhanced  (as  compared 
with  that  at  Darwin)  from  about  1 .5  months  before  the 
quake,  though  space  ULF  wave  activity  is  found  to 
decrease  generally  with  decreasing  latitude  (Saito,  1969 
[10])  and  this  enhancement  shows  a  maximum  just 
before  the  quake.  Especially,  we  find  a  more 
significant  increase  in  Z  than  H.  However,  the 
behavior  after  the  quake  looks  like  that  prior  to  the 
quake,  though  we  cannot  say  anything  definite  due  to 
the  limited  data  set.  As  the  whole,  it  seems  that  the  Z 
component  observed  only  at  Biak  is  more  enhanced 
before  the  quake,  which  may  indicate  a  possibility  of  the 
presence  of  seismo-ULF  emissions. 

Next,  we  present  an  analysis  of  polarization  {7JY{)  as 
developed  by  Hayakawa  et  al.  (1996)  [7],  and  its 
temporal  evolution  is  shown  in  Fig.  4.  The  curves 
indicate  the  daily  value  and  the  running  average  over  a 
time  window  of  10  days.  We  used  only  the  magnetic 
data  whose  intensity  (either  in  H  or  Z)  in  our  frequency 
range  exceeds  its  corresponding  m+a  As  is  clearly 
seen  from  Fig. 4,  we  find  no  significant  change  in  Z/H  at 
Darwin,  but  we  notice  a  very  significant  change  in  Z/H 
at  Biak,  such  that  a  conspicuous  peak  in  the  ratio  (Z/H) 
is  found  about  l.S-l.O  months  before  (Jan.  1  ~  Jan.  15) 
and  a  small  peak  two  weeks  before  (Feb.  1  ~  Feb.  17) 
the  quake.  The  curve  with  variable  changes  indicates 
the  daily  value  (average  over  one  day),  and  the  smooth 
curve  indicates  the  running  average  over  ±  5  days. 
These  enhancements  are  highly  likely  to  be  considered 
as  a  precursory  signature  in  ULF  emissions  of  the  quake 


(as  is  found  in  Hayakawa  et  al.,  1996  [7]). 

The  previous  polarization  analysis  seems  to  show 
convincing  evidence  on  the  reception  of  precursory 
seismo-ULF  emissions  about  1.5- 1.0  months  before  the 
quake,  This  is  furthermore  confirmed  by  a  fractal 
analysis  (Hayakawa  et  al.,  1999  [11];  Smirnova  et  al., 
1999  [12])  based  on  the  self-organized  criticality 
concept.  As  is  known,  the  spectrum  of  emissions 
exhibits  a  power-law  behavior  /  ^  which  is  typical  for 
self-organized  critical  dynamics.  In  this  sense,  the 
temporal  variation  of  this  p  is  examined,  based  on  the 
spectrum  in  the  frequency  range  from  10'^  ^  to  10'^  *'  Hz. 
Fig,5  illustrates  the  temporal  evolutions  of  P  at  both 
stations  at  L.T.= 12:00- 13:00  (daytime),  which  indicate 
that  a  similar  tendency  was  found  in  a  different  time 
window  as  well  because  the  previous  figures  were 
concerned  only  with  nighttime  data.  Fig.5  indicates 
that  the  value  of  p  approaches  unity  for  about  two 
weeks  (Dec.  23  -  Jan.  10),  that  is,  about  1.9- 1.0  months 
before  the  quake.  This  period  with  p~l  seems  to  be 
coincident  with  the  period  of  enhanced  polarization  in 
Fig.  4.  Because  the  principal  feature  of  self-organized 
criticality  is  fractal  organization  of  different  parameters 
both  in  space  (scale-invariant  structure)  and  in  time 
(flicker  noise  or  1//  noise),  when  the  focal  region 
becomes  a  super-critical  state,  p  decreases  down  to 
unity  (Hayakawa  et  al.,  1999  [11];  Vallianatos  and 
Tzanis,  1999  [13]).  P~1.0  means  that  higher  frequency 

components  are  generally  being  generated,  perhaps  due 
to  the  generation  of  smaller-scale  cracks  as  suggested  by 
Molchanov  and  Hayakawa  (1995)  [14]  and  Vallianatos 
and  Tzanis  (1998)  [15]. 
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3.  CONCLUSION 

Longer  data  base  is,  of  course,  required,  but  the 
length  of  3.5  months  before  the  quake  used  in  this  paper 
is  considered  to  be  acceptable,  because  the  results  for 
three  previous  events  (Spitak,  Loma  Prieta  and  Guam 
earthquakes)  have  suggested  the  occurrence  of  ULF 
precursors  within  one  month  before  the  quake.  We 
have  examined  the  ULF  magnetic  data  at  Biak  and 
Darwin  in  order  to  detect  any  precursory  signature  of 
the  earthquake  occurred  at  Biak.  Together  with  the 
intensity  variation  (Fig.3),  the  polarization  ratio  (Z/H) 
(Fig.  4)  and  fractal  analysis  (Fig.  5),  we  can  conclude 
that  ULF  emissions  observed  about  1.5-1. 0  months 
before  the  quake  are  likely  to  be  a  precursory  signature 
of  the  quake.  The  intensity  during  1.5- 1.0  months 
before  the  quake  in  the  frequency  range  from  5  mHz  to 
30  mHz  is  found  to  be  0.3  nT  at  maximum  for  H  and 
0.16  nT  for  Z. 
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Magnetosphere  is  gigantic  natural  laboratory, 
in  which  diverse  geophysical  processes  occur,  in  a 
magneto  spheric  plasma  are  present  electrical  and 
electromagnetic  (geomagnetic)  fields.  Magnetosphere 
plasma  presents  a  mix  of  various  energy  particles  from 
thermal  up  to  highly  and  st^er  highly  energy  particles. 
Besides  in  a  plasma,  by  certain  (determined) 
conditions,  are  excited  electromagnetic  and 
electrostatic  waves  and  they  interact  with  particles  of  a 
plasma,  resulting  to  evolution  of  the  various 
geophysical  phenomena  on  an  earthly  surface  and  in 
magnetosphere  of  the  Earth,  Thanking  all  this,  the 
magnetospheric  plasma  differs  from  a  laboratory 
plasma,  where  it  is  possible  serially  to  enter  particles, 
to  change  fields,  “warm  up“  of  a  plasma  and  etc.. 

In  the  last  years  interest  to  quantitative  and 
qualitative  researches  of  radio  noises  as  natural,  so  and 
artificial  origin,  in  the  various  areas  of  the  near-Earth 
space  in  a  extensive  range  of  frequencies,  in  a  volume 
of  low-frequency  (0,1  -  20  kTu)  has  considerably 
increased. 

Detailed  investigations  of  the  space- 
temporary  and  spectral  characteristics  of  low- 
frequency  emissions  and  their  communications 
(connections)  with  different  geophysical  phenomena 
permits  to  use  their  property  for  means  of  diagnostics 
and  study  of  dynamic  processes  in  magnetosphere.  The 
low-frequency  emissions  bear  the  information  on 
parameters  environment,  in  which  they  are  excited  and 
spreaded,  about  flows  of  energy  particles,  penetrating 
in  various  areas  of  spaces  and  causing  to  excitation  of 
these  emissions  and  by  that  the  items  of  information 
about  conditions  of  a  space  plasma  and  about  flows  of 
particles,  diving  throu^  this  space  give.  Detailed 
study  of  low-frequency  emissions  and  their 
connections  with  various  parameters  of  environment 
in  various  conditions  of  geomagnetic  disturbances 
permits  to  judge  about  from  unsteady  (changeable)  of 
a  property  plasma  and  flows  of  particles  at  change  of 
geomagnetic  activity  and  gives  the  iniormation  on 
magnetosphere-ionosphere  interrelation. 

The  level  of  natural  low-frequency  emissions 
in  magnetosphere  and  external  ionosphere 
considerably  changes  in  dependence  and  from  a 
condition  of  a  magnetospheric  plasma.  These  changes 
are  the  most  essentia!  in  a  time  of  geomagnetic 


storms:  a  position  (situation)  of  plasmapause  and  in 
this  connection  changes  redistribution  of  flows  of 
electrons  and  ions  occurs,  essentially  distribution 
electrons  of  average  energy  varies. 

VarMidms  Urnyfit^pumcy  €mixsioms  imtemsify 
oMd  ike 

ef  u  vig^mts  eiecirvm  Jimv 

Earlier  in  [1  ]  us  is  established,  that  in  a  time 
of  geomagnetic  disturbances  a  level  of  low-frequency 
noise  intensity  grows,  the  amplitude  of  noise  changes 
proportionally  Dst- variations  and  the  maximum  of 
emission  intensity  during  magnetic  diturbances  is 
moved  on  more  low  a  L-shell.  Also  earlier  in  [2] 
communication  (connection)  between  changes  of  low- 
frequency  emission  intensity  and  level  disturbances  is 
shown.  As  a  quality  of  a  parameter  of  a  level 
disturbances  of  a  magnetic  field  in  average  latitudes 
(in  the  region  of  closed  lines  of  magnetic  field)  was 
used  Dst-variations. 

Figure  1  are  illustrates  the  position  variations 
of  L-shell,  where  intensity  of  low-frequency  emission 
field  CU,ax)  on  frequency  500  Hz  was  maximum  Dst 
during  geomagnetic  storms  and  disturbances.  On 
horizontal  axes  sizes  Dst-variations  are  in  main  and 
recovery  phases  of  several  geomagnetic  storms 
(continuous  line).  Simultaneously,  on  it  a  drawing  (the 
shaped  line)  are  put  changes  CL'ra«x')«  where  maximum 
density  of  a  vigorous  electron  flow  it  (40  keV)  is 
registered 

The  left-hand  part  of  the  figure  depits  the 
events  during  the  main  phase  of  the  storm,  ri^t  -  the 
position  during  the  recovery  phase.  The  variations  of 
where  the  noise  amplitude  is  a  maximum  are 
given  for  frequency  of  500  Hz.  The  result  obtained  for 
other  frequencies  are  similar.  The  data  are  received 
during  the  storms:  on  August  16,  1970  (SSC  at  16.04 
UT^,  on  December  16,  1971  (SSC  at  19.06  UT),  on 
January  21  and  28,  1972  and  on  February  24,  1972 
(SSC  at  06.42  UT).  The  data  on  emissions  (f  ^  500 
Hz)  marks  by  points  for  storm  on  August  16,  1 970,  by 
rhombus  for  storm  on  December  16  1971,  by  circles 
for  storms  on  January  21  and  28,  1972,  direct  crosses 
for  storm  on  February  24,  1 972  Items  of  information 
on  flows  are  designated  for  storm  on  December  16, 
1971  -  by  triangles,  for  storms  on  Januaiy  21  and  28, 
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1972  -  squares,  for  storm  on  February  24,  1972  -  by 
crosses. 

From  a  drawing  it  is  visible,  that  the  points  for 
separate  storms  are  by  smallheap  and  on  it  it  is 
possible  to  conduct  average  resulting  curve.  As  it  is 
visible,  in  a  active  phase  of  storm  hgau:  and  Vrmx 
decrease.  Besides  speed  of  reduction  Lmax  in  a  main 
phase  of  storm  more,  than  speed  of  reduction  La.*  in  a 
recovery  phase. 


Table  1 


Parameter 

Phase  of 

Storms 

Main, 

Recovery, 

AL«„/ADst 

-4-10-* 

3-10-* 

AL'  .ax/AOat 

-3-10-2 

3-1 0-^ 

Table  1  shows  the  value  of  AL^/ADst  and  AL'^ 
/Z^st  during  the  main  and  recovery  phases  of  the 
storms.  The  value  AL^twc^ADst  is  somewhat  greater 
than  that  of  AL’t^a^/ADst  in  the  main  phase,  but  the 
values  are  equal  in  the  recovery  phase.  Hence,  as  the 
storm  develops,  the  maximum  of  the  electron  flux 
density  (dashed  line  in  fig.  1)  moves  at  a  slower  rate 
than  the  maximum  of  the  noise  amplitude.  For  Dst  - 
40  nT,  the  maxima  of  intensity  are  shifted  relative  to 
each  by  0.5L.  Hote  that  the  values  of  AT  and 

AL’mue^ADst  in  the  main  phase  are  one  order  of 
magnitude  greater  than  those  in  recovery  phase.  Since 
the  main  phase  is  generally  shorter  than  the  recovery 
phase,  it  follows  from  fig.  1  and  table  1  that  the 
emission  intensity  may  return  to  its  quiet-time  level  in 
a  time  equal  to,  or  less  than,  that  of  recovery  phase. 


A  similar  cosideration  of  the  variation  with 
other  indices  of  geomagnentic  activity  such  as  Kp  and 
AE  does  not  give  such  consistent  results,  as  those 
obtained  with  Dst  The  reason  for  this  is  probably  that 
Dst  is  the  best  measure  of  geomagnetic  disturbance  in 
the  region  of  magnetosphere,  where  plasmasphcric 
noise  are  generated. 

amd  pkuma 

In  this  section  communication  (connection) 
between  concentration  of  a  plasma  particles  and 
exciting  and  extending  in  it  low-frequency  waves  is 
showa 

The  known  relation  between  the  anplitudes  of 
the  magnetic  and  electrical  noise  field  components  in 
case  of  quasilongitudinal  wave  propagation: 

b/e=3.336no(0)-(p(0)  (1), 

vdiere  b  is  induction  of  the  magnetic  field  in  nT/^Hz 
and  e  is  the  intensity  of  the  the  wave  electrical  field  in 
V/m^'/Hz,  no(0)  is  refraction  index: 

no(6)  =  CDo«[ai(a)B«cos  8-cd)]  (2), 

0  is  angle  between  a  wave  front  normal  (wave  vector  k) 
and  the  geomagnetic  field  vector  Bo,  ©o®  is  a  plasma 
frequency  (©o8=47te^Ne/m),  ©  is  frequency  of  a  wave, 
©Ba  is  electron  gyrofrequency  (CDBe~  eBo/mc),  e  and  m 
-charge  and  mass  of  electrons,  X=©/©b«  is  normalised 
wave  frequency,  <p(0)  is  some  function,  connecting 
normalized  wave  frequency  to  wave  vector  orientation: 
<p(e)=V2(l-X)(cos  0-A.)  /(1+2X^+  cos  cos  9) 

(3) 

The  directional  pattern  of  the  Ihtercosmos  1 9 
antennas  is  sufficiently  wide;  therefore,  the  received 

frequency  SOO  H? 

16  January  1970  • 

16  December  1971  O  ^ 

21  and  28  January  1972  °  Q 
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signal  level  was  in  practice  the  same  within  a 
sufficiently  large  solid  angle  of  the  antennas.  Thus,  as 
a  first  ^jproximation,  the  values  of  the  electrical  and 
magnetic  con^onents  ey  and  bx,  of  the  noise  fields 
measured  on  Mercosmos  19  may  be  considered  to 
coincide  approximately  with  the  field  an^litude, 

Figure  2  shows  the  variations  of  the  plasma 
ion  number  density  Nj  in  cm"^  along  a  night-time 
portion  of  “Ihtercosmos  19“  orbit  on  March  5,  1979 
from  near-equatorial  to  near-polar  latitudes.  The  ni^t- 
time  results  have  been  chosen  in  order  to  avoid  the 
possible  (probable)  contribution  from  effect  of  day¬ 
time  excitation  of  emissions  at  heights  200-400  kms. 
On  fig.  2  changes  of  intensity  of  magnetic  (b)  in  y/‘'/Hz 
and  electrical  (e)  in  mkV/mVHz  components  of 
emission  field  at  selected  frequency  450  Hz  are 
indicated  We  shall  notice,  that  the  ion  number 
density  at  the  "Mercosmos  19"  orbital  altitudes 
practically  equal  to  the  electron  one.  In  distribution  of 
particle  density  well  see  all  characteristic  change  of 
concentration:  main  ionospheric  trough,  a  auroral 
peak,  auroral  trough  and  etc.,  The  small-scale  2-4-s 
periodic  fluctuations  of  the  number  density  were 
observed  at  auroral  trough  and  polar-peak. 

Atop  of  a  figure  present  the  changes  of  cos  6 
lengthways  orbit  depending  on  invariant  latitude  <3>.  For 
latitudes  less  50°  cos  9  =  1,  for  <I)=50°-  60°  cos  9  » 
0,9  and  for  <I>=70°  cos  9  «  0,8  are  indicated  The 
results  are  similar  for  frequency  measuremed  on 
satellite  and  are  distinguished  only  in  the  fourth  marie 
of  function  cos  9. 

The  bottom  part  of  a  drawing  contains  the  items 
of  information  on  changes  of  amplitude  magnetic  (b) 


and  electrical  (e)  field  coir^onent  of  emissions  along 
considered  ori^it  for  frequency  450  Hz.  The  anplitude 
of  emissions  grows  with  a  increase  invariant  latitude 
O.  The  significant  gradient  Ab/AO  h  Ae/A^  is 
observed  on  latitudes  0=1 5-20°  and  0=54-56°,  that  is 
in  the  region  of  internal  radiation  belt  and  in  the  field 
of  main  ionospheric  trough,  thereby  confirming  the 
hypothetical  generation  of  the  ELF  and  VLF  waves  in 
the  region  of  the  main  ionospheric  trough  at  hi^ 
number  gradients  [3]. 

After  a  output  (exit)  of  satellite  from  trough 
the  amplitude  of  noise  has  decreased  In  the  auroral 
areas  are  registered  diverse  variations  of  density  and 
each  time  at  the  reduction  Ni  anr^litude  of  emissions 
increased,  for  example,  on  0=  <l>=58°-62°,  (3>==63°- 
64°,  <I)=65°-66° 

As  in  low  and  average  latitudes  cos  9-»l,  in 
these  areas  of  the  space  the  formula  (2)  can  be 
recorded  in  a  simplified  kind: 

no(e)  =  <Oo,[(d(cob«-oo)]  (3). 

Then  from  (1)  and  (2),  knowing  b  and  e,  we 
have  defined  Ni  for  happen  (case)  of  longitudinal 
distribution  of  waves. 

In  a  top  part  of  fig.  2  (near  Ni)  of  cross 
settlement  significances  of  concentration  are  put.  The 
settlement  significances  (data)  differ  from  real  on  ± 
10%.  Fluctuations  of  settlement  sizes  of  significances 
more,  than  real.  It  was  possible  is  to  e>qplained  by  that 
the  real  rignificances  Ni  on  graph  are  middled  and,  in 
second,  by  (with)  amplitude  of  a  electrical 
components  appreciably  are  fluctuated  The 
significances  Nj,  received  on  a  data  of  registered  of 
emissions  on  frequencies  140,  450  and  800  Hz  are 
very  close.  Thus,  the  accounts  have  shown,  that  on 
average  latitudes  50°  on  all  frequencies  of  the  ELF 
wave  range  are  distributed  quasi  longitudinal,  that  is  the 
low-frequency  waves,  arising  in  equatorial  region  at 
piasmasphere  heights,  are  distributed  practically  along 
of  the  magnetic  field  lines.  In  quiet  conditions  at 
absence  of  measurements  of  concentration  for  its 
definition  (determination)  on  average  latitudes  it  is 
possible  and  use  of  measurement  of  magnetic  and 
electrical  making  fields  of  low-frequency  emissions. 
The  valuation  of  concentration  mistake  did  not  exceed 
10-15%. 

Lwpt^mey^missiamfrevhmi  earO^^utkes 

In  the  eighties  the  investigations  of 
electromagnetic  effects  related  to  earthquakes  at 
ionosphere  altitudes  with  the  use  of  satellite 
measurements  were  initiated.  It  was  discovered  [4]: 
-increase  of  intensity  of  low-frequency  emissions  3-6 
hours  before  and  3-6  hours  after  strong  earthquakes 
(M>5,5),  when  the  satellite  was  flying,  near  the 
epicentre; 

-dimension  of  burst  observation  zones  ±3°  along 
latitude  and  ±60°  along  longitude.  These  are  the  so- 
called  “noise  belts” ; 
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-amplitude  of  noise  bursts  increase  when  satellite  is 
moving  to  the  epicentre  along  longitude,  to  the 
moment  of  the  main  shock  -  along  time; 

-before  the  earthquake  electric  and  magnetic 
components  of  emission  field  were  observed,  after  the 
earthquake  there  was  .  observed  only  electric 
component; 

-reliability  of  the  observed  effect,  calculated  on  the 
basis  of  experimental  data  processing  made  up  85- 
90%. 

Earlier  we  received  the  global  space- 
temporary  distribution  of  the  natural  low  frequency 
emission  intensity  (daily  allowances,  latitudinal  and 
altitude  variations  in  absolute  units)  in  different 
conditions  of  tfie  geomagrietic  disturbances.  The 
following  drawing  demonstrates  the  reliability  of 
distinguish  of  signals  connected  witli  development 
seismic  processes.  Fig.  3  is  submitted  middle 
latitudinal  dependence  of  the  low  frequency  noise 
intensity  on  frequency  4,65  kHz  for  various 
geomagnetic  activity  conditions.  These  results  have 
received  in  four  months  of  a  “Intercosmos"  satellite 
function:  2  months  -  Thtercosmos  5“  and  2  months  - 
"Intercosmos  19"  and  specified  (T)  root-mean-square 
spread  of  data.  The  separate  badges,  as  an  example, 
show  the  noise  intensity  burst  size,  registered  on 
channel  outputs  during  earthquake  preparation,  results 
received  after  earthquake  for  the  same  data  is  denoted 
by  circles.  From  a  drawing  it  is  clearly  visible,  that  the 
emission  intensity  bursts,  connected  with  development 
seismic  activity,  obviously  exceeds  emission  levels, 
usually  observable  in  give  space  area.  We  were 
analysed  not  only  individual  events  by  "Intercosmos 
19“  satellite  data,  but  we  are  received  also  statistical 
characteristics  by  formalism  of  the  data  processing 
process  help  on  modem  computind  means. 


The  processes  of  earthquake  preparation  are 
accompanied  by  simultaneous  changes: 

-of  low  frequency  emissions  intensity 
(magnetic  and  electric  componements), 

-of  concentration  and  temperatui'e  of  a  plasma 
environmental  by  Earth  and 

-vigorous  electron  precipitation. 

It  was  established  (installed)  the  space¬ 
temperary  sizes  of  ones  manifestation  zone.  Thus,  we 
can  see  variety  of  change  of  near-Earth  space  plasma 
parameters  over  the  earthquake  epicentres.  Everythiing 
are  additional  attributes,  indicative  local  disturbances 
of  the  magnetosphere  parameters  by  effects  of 
seismic  activity  and  can  be  used  as  short-term 
earthquake  prediction  together  with  whole  complex 
other  satellite  and,  certainly,  ground  result  of 
supervision. 

By  results  of  registration  of  intensity  low- 
frequency  emissions,  flows  vigorous  electrons  and 
plasma  density  ti'aced  (followed)  the  processes 
developed  in  plasmasphere  above  epicentre  of  the 
future  earthquake,  development  of  the  seismic 
phenomena  in  a  time  and  in  the  space.  Zones  of 
changes  of  parameters  of  a  plasma:  intensity  of  fields 
of  low-frequency  noise,  flows  of  vigorous  particles 
and  density  of  a  plasma  are  determined. 

Table  2 

The  sizes  of  a  zone  of  supervision  seismoionospheric 
_ anomalous  on  the  upper  ionospher  heights. 


Parameter 

Range 

Size  of 

zone 

Time 

(before) 

Waves 

ELF/VLF 

Acp±3° 

A>d:60° 

Some 

Hours 

Electrons 

^40keV 

0,1  L 

2,5-3 

hours 

Plasma 

Density 

±3° 

Day 

655 


In  IZMIRAN  some  years  ago  we  suggested  a  method 
of  selecting,  obtaining  and  using  of  data  for 
Eartliquake  prediction.  Earthquake  prediction 
program  according  to  the  methodics  was  elaborated 
and  adopted  in  IZMIRAN. 

In  the  last  time  it  was  recently  found  out,  that  over 
deep  fault  zones  of  earthly  crust  bursts  of  intensity 
iow-frequency  emissions,  thermal  electros  and 
temperature  of  an  environmental  plasma  are 
observed.  In  our  days  we  created  the  method  of 
detection  of  lithosphere  zones  of  variable 
geodynamic  activity. 

The  research  of  low-frequency  emissions  has 
application  meaning  (irrportance)  for  the  solution  of 
problems  of  forecasting  (prediction)  geomagnetic 
disturbances  and,  specially,  earthquakes. 

1.  Knowing  value  of  intensity  of  low-frequency 
emissions,  it  is  possible  to  define(determine) 
expected  values  Dst  of  variations,  it  is  possible  to 
define(determine)  an  expected  level  geomagnetic 
disturbances. 

2.  Knowing  a  spatial  distribution  of  intensity  ELF/VLF 
emissions,  it  is  possible  to  place(install)  (to  compute) 
a  spatial  distribution  of  cathode  rays  of  mean 
energies. 

3.  In  quiet  and  moderately  -  perturbed  conditions  at 
lack  of  gaugings  of  density  for  its  definition  it  is 
possible  to  utillize  observed  datas  of  magnetic  and 


electtdcal  components  of  a  field  of  low-frequency 
emissions.  Thus  the  misstake  of  an  estimations  of 
density  does  not  exceed  1 0- 1 5%. 

4.  On  variations  of  low-frequency  emissions  with  a 
high  scale  of  veracity  it  is  possible  to  do  (make)  the 
forecast  of  scsmic  activity  (hazard). 
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The  variations  of  the  intensity  of  lowfrequency 
emissions  (0.1-20  kHz),  the  density  of  the  low-energetic 
electrons  flux  and  the  temperature  of  the  plasma  by 
measurements  on  the  «Jntercosmos  ]9»  satellite  above 
deep  faults  of  the  Norwegian  Sea,  the  Baltic  Shield,  the 
Barents  and  Kara  Seas  and  the  West  Siberian  Lowland 
ha\>e  been  considered.  These  regions  represent  a 
consecutive  change  of  the  Earth  crust  structure  and  its 
geodynamic  mode  in  the  zone  of  the  transition  from  the 
Euroasian  continent  to  the  Arctic  ocean.  The  experimental 
data  on  five  flights  of  the  satellite  have  been  thoroughly 
investigated. 

THE  EXPERIMENTAL  DATA 
Two  flights  of  the  «Intercosmos-19»  satellite  with 
approximately  identical  orbits  have  been  chosen,  their 
height:  -950  km:  November  20,  1980  (orbit  9147)  and 
November  23,  1980  (orbit  9190)  and  the  third  orbit  on 
March  15,  1979  (oibit  231)  with  the  height  -580  km.  The 
trajectory  231  has  passed  between  the  trajectories  9190 
and  9147.  Besides,  two  orbits  9148  (November  20,  1980) 
and  9191  (November  23,  1980)  have  been  chosen.  We 
have  united  the  flights  in  two  groups,  in  which  trajectories 
have  passed  close  to  each  other  (sec  table).  Fig.l  shows  the 
projections  of  the  orbits  to  the  surface  Earth,  in  each  group 


of  orbits  of  the  projections  of  the  orbits  have  crossed 
the  same  tectonic  structures. 

Geophysical  conditions  for  orbits  9147  and 
9190  have  been  the  follow'ing.  The  intensive  positive 
disturbance  of  the  interplanetary  magnetic  field  (IMF) 
has  begun  at  8.30  UT  on  November  15,  1980.  The 
high  activity  has  been  kept  till  November  20,  up  to  the 
end  of  the  positive  IMF.  Then,  the  inclusion  of  the 
short  site  of  the  negative  IMF  has  had  an  effect  on  the 
activity  downturn  up  to  November  24  [1],  The  days 
November  20  and  23,  1980  have  been  moderately 
disturbed  (Kp  =  4  and  Kp  =  3,  accordingly).  The 
geophysical  conditions  for  orbit  23 1  have  been  a  little 
different.  The  sudden  storm  has  begun  on  March  9, 
1979  at  8.08  UT,  its  active  period  has  been  on  lO-^ll 
March.  The  period  of  the  positive  IMF  (followed  after 
the  storm)  has  been  accompanied  by  the  appreciable 
decrease  of  the  geomagnetic  activity  up  to  March  17 
[2].  March  15,  1979  -Kp  =  3. 

Fig, 2  shows  the  bursts  envelope  of  the  low- 
frequency  emissions  intensity  for  two  components 
(electrical  and  magnetic)  on  frequencies  140,  450,  800 
and  4650  Hz.  For  the  frequency  of  15000  Hz  the 
envelope  of  the  signal  of  the  field  magnetic  component 


Table.  Characteristics  of  orbits  and  measured  ionospheric  parameters  on  board  satellite  «Intercosraos-19» 


Orbit 

Date 

height 
satellite,  km 

Ionospheric  parameters 

\  Index  of 

disturbance 

Universal  time 

9147 

20.11.1980 

-950 

Electromagnetic  emission, 
temperature  of  the  plasma  T„ 

K,,  =  4 

17.54-18.00 

9190 

23.11,1980 

-950 

Electromagnetic  emission, 
temperature  of  the  plasma  T„ 

li 

;  17.02-17.08 

1 

231 

15.03.1979 

-580 

1 

Low  energetic  flux  Ee-  120  eV 

15.24-15.30 

9148 

20.11.1980 

-950 

Electromagnetic  emission, 
temperature  of  the  plasma 

19.35  -  19.44 

9191 

23.11.1980 

-950 

Electromagnetic  emission, 
temperature  of  the  plasma  T„ 

18.43  -  18.52 
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has  been  shown,  the  electrical  component  has  not  been 
registered  due  to  a  technical  reason.  In  the  top  part  of 
figures  of  the  envelope  bursts,  of  the  temperature 
variations,  of  plasma  (T^)  at  height  of  the  «Intercosmos- 
19»  satellite  have  been  shown.  In  the  bottom  part  a 
tectonic  section  along  the  orbit  projection  to  the  Eartli 
surface  has  been  shown. 

Let  us  consider  general  regularities  of  the 
variations  of  the  low-frequency  emission  intensity  on 
orbits  9147  and  9190  when  the  satellite  has  been  crossed 
above  the  deep  faults.  In  the  Baltic  Shield  region  the 
variations  of  the  low-frequency  emission  intensity  on  all 
frequencies  of  140-^  15000  Hz  above  the  regional 
seismogenic  zones  along  the  contact  of  rather  rigid 
blocks  (Norbotten  and  Lapland),  and  also  along  the 
borders  of  these  blocks  with  wide  dislocation  zones 
(zone  1  and  2)  have  been  observed.  It  can  be  explained 
by  the  increased  mobility  and,  accordingly,  jointing  and 
permeability  of  tlie  zones  dividing  parts  of  the  Earth 
crust  with  the  various  physical  characteristics. 

Above  the  region  of  transition  from  the  Baltic 
Shield  to  the  mobile  platform  the  variations  of  the  low- 
frequency  emission  intensity  on  all  frequencies  (zone  3) 
have  ben  observed  as  well. 

The  new  burst  of  the  low-frequency  emission 
intensity  on  all  frequencies  has  been  observed  above  the 
east  restriction  of  the  central  hollow  of  the  South- 
Barents  basin  and  probably  with  tlie  regions  of  the  most 
thinned  and  sometimes  along  the  separate  zones  of  the 
broken  Earth  crust  (zone  4). 

To  northeast  from  the  central  hollow  of  the 
South-Barents  basin  the  variations  of  the  low-frequency 
emission  intensity  with  the  large  amplitude  have  been 
observed  above  the  central  and  rear  systems  of  the 
Novaya  Zemlya  faults  (zone  5). 

We  can  see  the  distinctions  in  the  variations  of 
the  low-frequency  emission  intensity  above  the  deep 
faults  on  two  orbits  as  well.  On  orbit  9147  above  the 
active  zone  of  tlie  frontal  overlap  of  the  Novaya  Zemlya 
orogenic  belt  the  high  amplitude  variations  of  the  low- 
frequency  emission  intensity  have  not  been  observed.  It 
can  be  connected  to  a  different  nature  of  the  regional 
faults.  If  tlie  central  and  rear  zones  have  been 
represented  by  fault  infringements  reflecting  stretching 
conditions,  the  frontal  zones  here  are  overfaults  and 
overfault-overlaps,  occuring  in  compression  conditions. 
On  orbit  9190  unlike  orbit  9147  the  high  amplitude 
variations  of  tlie  low-frequency  emission  intensity  have 
been  observed  above  the  Novaya  Zemlya  frontal  faults.  It 
has  been  connected  to  the  fact  that  the  trajectory  9190 
has  passed  above  the  knot  of  crossing  frontal  overlap 
zone  with  powerful  cross  shear-fault  zone,  which  has 
crossed  tlie  Novaya  Zemlya  in  the  northwest  direction. 
On  the  basis  of  the  structural-geological  attributes  it  has 


been  supposed,  that  at  this  area  the  conditions  of  the 
submcridional  stretching  have  prevailed  over  the 
conditions  of  the  sublatitudinal  compression.  On  orbit 
9190  the  bursts  of  the  low-frequency  emission  intensity 
on  all  frequencies  have  been  well  expressed  in  the  area 
of  transition  from  the  continental  area  to  the  mobile 
marginal  platform.  It  has  been  connected  to  the  high 
degree  of  isolation  of  the  Earth  crust  blocks  and  the 
faults  zones,  dividing  tliem.  Above  the  blocks  of  the 
Baltic  Shield  ancient  crust  (the  block  Vasa,  the  Karelian 
massif)  the  quiet  field  of  the  low-frequency  emission  has 
been  observed. 

Fig. 3  shows  the  bursts  envelope  of  the  low- 
frcqucncy  emissions  intensity  for  two  components 
(electrical  and  magnetic)  on  frequencies  140,  450,  800 
and  4650  Hz  for  orbit  9191. 

Orbits  9148  and  9191  have  been  the  most 
interesting  ones  from  the  point  of  view  of  the  estimation 
of  the  connection  between  the  structure  of  the 
electromagnetic  emission  and  the  tectonic  features  of  the 
Earth  cnist  in  the  zone  of  transition  from  the  continent 
to  tlie  ocean  and  the  zone  of  transition  from  of  the  Kara 
Sea  to  the  West  Siberian  Lowland.  The  variations  of 
noise  emissions  above  the  faults  from  the  Norwegian  Sea 
up  to  the  Kara  Sea  on  these  orbits  have  not  been 
considered,  as  the  regularities  of  the  variations  [3]  have 
coincided  witli  the  variations  on  orbits  9147  and  9190. 
In  the  region  of  the  transition  from  the  Kaia  Sea  to  the 
West  Siberian  Lowland  (the  zone  k)  the  sharp  jump  of 
the  field  intensity  on  frequencies  450,  800  and  4650  Hz 
has  been  obseiv^ed,  it  is  most  appreciable  in  the  electrical 
component  of  the  emissions  field.  In  the  Yuribey 
dislocation  zone  the  weak  variations  of  the  noise 
intensity  (zone  1)  on  all  frequencies  have  been  noticed. 
With  transition  from  tlie  Yuribey  zone  to  the  Enisey- 
Khatanga  trough  tlie  jump  of  the  intensity  on  all 
frequencies  above  the  tectonic  border  of  the  internal 
zone  of  the  Enisey-Khatanga  trough  (zone  mi)  has  been 
observ^ed.  The  trough  has  been  characterised  by  weak 
fluctuations  of  the  emissions  intensity.  Further,  the  next 
border  of  this  trough  with  the  ancient  Siberian  platform 
has  been  marked  by  sharp  jumps  of  the  intensity  (zone 
m2),  which  has  been  differently  expressed  on  various 
frequencies.  Above  the  PriEniscy  block  the  amplitude  of 
the  variations  on  all  frequencies  both  in  the  magnetic, 
and  in  the  electrical  component  of  the  noise  emissions 
field  considerably  has  increased.  The  same  regularities 
of  the  noise  variations  have  been  observed  in  the  zone  of 
transition  from  the  Kara  Sea  to  the  West  Siberian 
Lowland  on  the  other  orbit  (9148).  The  general 
appropriateness  for  these  two  orbits  is  the  presence  of 
the  local  disturbances  of  the  low-frequency  emission 
above  the  tectonic  zones  (above  the  regional  and  deep 
faults),  which  have  divided  large  tectonic  elements. 
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Orbit  9191  23X11980 

m.  •  Th 


Fig.  3.  Experimental  data  of  the  electromagnetic 

emission  and  tectonical  structures  of  the 

lithosphere  (orbit  9191). 

Thus,  along  the  trajectories  9147  and  9190,  9148 
and  9191  the  conformity  of  tlie  maxima  of  the  low- 
frequency  emission  intensity  to  the  regional  faults  zones 
has  been  most  characteristic,  for  which  is  established  or 
the  prevailing  mode  of  the  stretching  is  supposed  on 
structural  features.  The  presence  of  the  thick  (more  than 
15-i-18  km)  sedimentary  cover  has  not  been  probably  a 
handicap  for  the  occurrence  of  the  variations  of  the  low- 
ftequency  emission  intensity  above  the  stretching  zones, 
in  case  of  a  significant  thinning  or  complete  break  of  the 
crystal  Earth  crust,  as  it  has  been  observed  in  the  central 
hollow  of  the  South-Barents  basin. 

The  variations  of  the  density  of  the  electrons  flux 
with  the  energy  E,  =  120  eV  at  15.28^15.30.28  UT  with 
two  characteristic  of  the  fluctuations  regions  have  been 
observed  by  the  «Intercosmos-19»  satellite  above  the 
South  Barents  basin  and  the  Novaya  Zemlya  orogenic 
belt  on  orbit  231  on  March  15,  1979.  In  one  part  of  the 
flux  above  the  South-Barents  basin  and  the  Novaya 
Zemlya  at  15.28  +  15.29.30  UT  the  periods  of 
fluctuations  equal  to  12.5-^17  seconds  have  prevailed.  In 
the  other  part  of  the  flux  above  the  Kara  Sea  the  period 
of  fluctuations  has  decreased  to  7.5^5  seconds  (Fig. 4). 
Above  the  deep  faults  of  the  same  region  the  fluxes  of 
the  low-energetic  particles  of  different  energies  120  eV 
and  50  eV  with  periods  of  fluctuations  equal  to  20-5-25 
seconds  had  been  registered  earlier  [4].  One  can  state  the 
assumption,  that  the  simultaneous  bursts  of  the  low- 


frequency  emissions  intensity  observed  in  the  South- 
Barents  basin  and  the  fluxes  of  the  low-energetic 
electrons  can  be  connected  to  the  allocation  of  radon,  as 
it  follows  from  the  recently  published  work  [5].  It  is 
necessary  to  state,  that  direct  measurements  of  the  radon 
contents  in  the  South-Barents  basin,  as  far  as  it  is 
known,  had  not  been  carried  out.  At  the  same  time  on 
rather  small  amounts  of  tests  the  concentration  of 
radioactive  elements  [6]  were  investigated  which  can  be 
a  source  of  radon  to  some  extent. 

«Intercosmos- 1 9» 


March  15,  1979 


I  — ■ — I — ’ — ■ — ’ — ’ — r 
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- nmT - 

-t — ■ — ’ — • — I — t — . — . — . — r 

18.45  18.50  18.55UT 
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Fig.  4.  Variations  density  of  the  low-energetic  electrons 
fluxes. 

Let  us  consider  variations  of  the  plasma  temperature  at 
heights  of  the  satellite  on  two  orbits  9147  and  9190 
(Fig.  2).  One  can  see  the  increase  of  the  temperature  on 
both  orbits  in  -1.6  time  in  comparison  to  the  background 
level  of  the  temperature  above  the  seismoactive  faults  of 
the  Baltic  Shield  zone,  and  above  the  faults  of  the  South- 
Barents  basin  -1.3  time  and  the  South  Kara  basins  in 
-1.4  time.  The  increase  of  the  temperature  in  -1.2  time 
has  been  observed  above  tlie  faults  of  the  seismoactive 
zone  of  the  Baltic  Shield  [7].  It  has  confirmed  the 
conclusion  on  the  spatial  stability  of  the  observed  effects 
above  the  deep  faults  once  more  [4,  7]. 

THE  RESULTS  OF  THE  CORRELATION  ANALYSIS 
The  correlation  analysis  of  the  simultaneous 
bursts  of  tlie  intensity  of  the  magnetic  and  electrical 
components  of  the  emissions  field  for  the  Barents-Kara 
region  has  been  executed.  The  Barents-Kara  region  has 
been  divided  into  three  areas:  the  Barents  Sea,  the 
Novaya  Zemlya  and  the  Kara  Sea.  Their  size  has  been 
chosen  so  that  the  number  of  points  participating  in  the 
correlation  analysis  would  have  been  identical. 
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The  correlation  analysis  has  shown,  that  the 
observed  low-frequency  emissions  have  been 
electromagnetic,  the  correlation  coefficients  have  been 
Rrr:,  el  =  0.664*0.91  for  orbit  9147  and  Rm.ei^  0.54-0.98 
for  orbit  9190.  Above  the  Novaya  Zemlya  (above  the 
knot  of  crossing  of  the  frontal  overlaping  zone  with 
powerful  cross  of  the  shear-paaj^BnroBOH  zone)  on  orbit 
9190  the  coefficients  correlation  on  all  frequencies  have 
been  higher:  R  ei  0.814-0.98.  Unfortunately,  to 
execute  the  correlation  analysis  of  the  simultaneous 
bursts  of  the  low-frequency  emissions  intensity  for  the 
magnetic  and  electrical  components  of  tlie  field  and  the 
density  of  the  low-energetic  particles  flux  observed  on 
orbit  231  has  been  impossible  because  of  a  telemetric 
error.  The  correlation  analysis  between  the  electrical 
components  of  the  field,  the  envelope  bursts,  of  the  field 
of  tlie  low-frequency  emission  on  orbits  9147  and  9190 
and  the  envelope  bursts  of  density  of  the  electrons  flux 
with  energy  =  120  eV  on  orbit  231  above  the  same 
region  has  been  executed.  As  the  heights  of  the  orbits 
have  been  different  {h 9i47.9i9o^950  km  and  h  23i-580km), 
the  correlation  coefficients  Rei,  e  have  been  less  than  0.5. 
Because  of  the  difference  of  the  satellite  heights  the 
variations  of  the  low-frequency  emission  intensity  have 
been  moved  in  space  in  relation  to  the  variations  of  the 
density  of  tlie  low-energetic  particles  flux. 

CONCLUSIONS 

As  a  result  of  the  analysis  of  all  experimental  data 
it  is  possible  to  make  the  following  conclusions: 

1.  The  steady  variations  of  the  low-frequency 
emission  intensity  on  all  frequencies  1404-15000  Hz 
have  been  observed  above  the  zones  of  the  deep  faults  of 
the  lithosphere.  The  stretching  mode  has  been 
characteristic  for  these  zones.  The  frontal  zones  of  tlie 
Novaya  Zemlya  orogenic  belt,  which  are  overfaults  and 
overfault-overlaps,  occuring  in  the  conditions  of 
compression  have  been  exception; 

2.  The  increase  of  amplitudes  in  the  electrical  and 
magnetic  components  of  the  field  of  the  low-frequency 
emission  has  occured  above  the  zones  with  the  high 
gradient  of  thickness  of  the  Earth  crust  at  transition  from 
the  oceanic  crust  to  tlie  continental  one,  from  tlie  deep 
hollow  of  the  basement  to  the  orogenic  belt.  The  most 
active,  frequently  seismogenic  systems  of  faults  have 
been  connected  to  these  zones,  as  a  rule; 

3.  The  significant  decrease  of  the  amplitude  of  the 
variations  of  tlie  low-frequency  emission  intensity  or  the 
complete  absence  of  the  variations  has  been  observed 
above  the  faults  zones,  which  have  been  buried  under  the 
powerful  sedimentary  cover  and  have  not  had  obvious 
attributes  of  the  tectonic  activity; 


4.  Above  the  Barents-Kara  mobile  marginal- 
continental  platform  the  variations  of  the  low-frequency 
emission  intensity  and  the  increase  of  the  plasma 
temperature  at  heights  of  the  satellite  ('-950  km)  in  1,3 
time  have  been  observed,  as  well  as  tlie  variations  of  the 
density  of  the  structured  electrons  flux  with  energy 
£^^=120  eV,  wliich  have  been  divided  into  two  parts  on 
fluctuations  periods; 

5.  Above  the  Siberian  Lowland  tlie  jumps  in 
changes  of  the  amplitude  of  the  low-frequency  emissions 
above  the  tectonic  borders  of  the  structures  have  been 
observed:  above  the  border  of  the  internal  zone  of  the 
Yenisey-Khatanga  trough  and  above  its  border  with  the 
ancient  Siberian  platform,  in  particular; 

6.  The  simultaneous  bursts  of  the  low-frequency 
emissions  intensity  observed  in  the  South-Barenls  basin 
region  and  the  low-energctic  electrons  fluxes  can  be 
connected  to  the  radon  allocation  and  to  technogenic 
pollution  of  this  region  by  the  radioactive  elements  of 
nuclear  explosions. 
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Abstract 

The  subionospheric  VLF  signals 
transmitted  from  NWC  VLF 
transmitter  (f=19.8kHz)  in  Australia, 
have  been  monitored  at  Kasugai  in 
Japan  in  order  to  find  out  the 
ionospheric  perturbations  associated 
with  earthquakes.  The  period  of  seven 
months  from  Jan.  to  July  1998  when  the 
observation  was  stable  was  chosen  for 
the  analysis.  The  terminator  times 
(the  times  when  a  minimum  appears  in 
the  diurnal  variation  of  amplitude 
and/or  phase  around  sunset  and 
sunrise)  are  used  to  identify  the  VLF 
subionospheric  propagation  anomaly,  in 
order  to  make  correlation  with  the 
earthquakes  at  the  center  of  Japan  with 
magnitude  greater  than  3.5. 


1.  Introduction 

Electromagnetic  phenomena  are 
recently  considered  to  be  a  very 
promising  candidate  for  short-time 
earthquake  prediction  [1][2]  and  both 
passive  and  active  methods  have  been 
proposed.  As  an  active  radiosounding 
method,  the  use  of  subionospheric  VLF 
transmitter  signals  has  been  suggested 
to  study  the  ionospheric  perturbations 
associated  with  earthquakes  [3]. 
Hayakawa  et  al.  have  found  a 
convincing  precursory  anomaly  in  the 
subionospheric  propagation  between 
Japan  Omega  at  Tsushima  and  Inubu 
observatory  (distance  is  ~lMm)  before 
5-11  days  for  the  Kobe  earthquake 
[4][5]. 

NASDA's  Earthquake  Remote 
Sensing  Frontier  Project  started  in  1996, 
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135  137  _  139 

Geographic  Longitude  ["E] 


Fig.  1  Locations  of  the  observing  station,  Kasugai  and  the  epicenters  of  earthquakes 
(with  Ma3.5)  in  the  Tokai  area.  NWC-Kasugai  is  illustrated  and  a  circle  with 
radius  of  60  km. 


and  the  use  of  subionospheric  VLF 
signals  is  considered  as  the  most 
important  observation  item.  Two  key 
stations  are  established;  one  is  Chofu 
(Univ.  of  Electro-Communications)  and 
the  second  is  Kasugai,  Aichi  (Chubu 
Univ.)  and  at  both  stations  we  receive 
several  VLF  transmitter  signals 
simultaneously.  Data  are  being  collected, 
but  in  this  report  we  will  report  on  the 
recent  results  observed  at  Kasugai, 
Aichi. 

2.  Observation  of  subionospheric 
VLF  signal  at  Kasugai 

On  the  roof  of  Department  of 
Electronics  Engineering  of  Chubu 
University  at  Kasugai,  we  have  been 
receiving  several  subionospheric  VLF 


transmitter  signals  by  means  of  the  so- 
called  Omnipal  receiving  system  [6]. 
In  this  paper  we  use  only  the  data  from 
NWC  (Australia)  (frequency  is  19.8  kHz), 
and  this  continuous  observation  has 
started  in  August  1997.  The  receiving 
system  consists  of  VLF  vertical  antenna, 
pre-  and  main-amplifiers,  GPS  antenna 
etc.,  and  it  can  monitor  the  signal 
amplitude  and  phase  every  O.ls  (100ms). 
Fig.  1  shows  the  location  of  receiving 
station  at  Kasugai  with  radius  of  60  km 
and  the  propagation  path  of  NWC  VI^F 
transmitter. 

3.  Observational  Results 

The  terminator  times  is  defined  as  the 
time  when  there  is  observed  a  local 
minimum  around  sunrise  and  sunset. 
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Fig.  2  The  temporal  evolution  of  the  shift  in  the  terminator  time  (Te)  in  the  amplitude. 
0  means  the  running  mean,  and  ±2cr  lines  are  also  illustrated.  The  times  of 
earthquakes  are  given  by  vertical  lines. 


Though  Kasugai-NWC  is  a  long  distance 
(distance;  more  than  6Mm)  propagation, 
we  use  this  "terminator  time"  method 
for  the  analysis  as  for  the  short-distance 
propagation  in  order  to  find  the 
propagation  anomaly. 

Based  on  the  continuous  observation  of 
subionospheric  VLF  signals,  we 
estimate  the  Tm  (morning  terminator) 
and  Te  (evening  terminator)  every  day, 
and  try  to  find  out  anomalous  behaviors 
in  these  Tm  and  Te.  As  the  objective 
criterion  to  find  an  anomaly,  we  use  the 
2cr  (crstandard  deviation)  criterion 
asdefined  below. 


where  Xi  is  the  value  on  each  day,  ^  is 
the  running  average  over  ±  7  days 
around  that  day,  and  n  is  the  number  of 
data.  Since  anomalies  for  Tm  are  not  so 
clear  as  for  Te,  we  deal  with  the 


characteristics  of  Te  only. 

Fig.  2  illustrates  the  temporal 
evolution  on  the  shift  in  Te  on  the 
amplitude  record  durning  the  analyzed 
whole  period  of  7  month  from  January 
to  July  1998.  The  times  of  earthquakes 
are  indicated  by  vertical  dot-broken 
lines  and  their  corresponding  dates  are 
given  on  the  top  of  the  figure.  Table  1 
is  the  summary  of  those  earthquakes 
(time  of  occurrence,  magnitude,  place, 
its  geographic  coordinates,  depth,  VLF 
perturbation),  which  took  place  in  the 
Tokai  area  around  Nagoya  (Aichi,  Gifu, 
Mie  and  Wakayama  Prefectxires)  with 
magnitude  greater  than  3.5.  In  Fig.  2 
the  zero  line  means  the  running  mean, 
and  broken  lines  indicate  the  ±2a  curve. 
Let  us  look  at  significant  deviations  in 
Fig.  2  one  by  one.  Since  the  earthquake 
on  Feb.  10  is  an  isolated  one  (M=4.3, 
d=10km),  we  can  notice  a  very 
conspicuous  deviation  on  Feb.  7,  which 
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Table  1 


Paramerters  of  earthquakes  (with  M  3.5)  in  the  Tokai  area 


Magni¬ 

tude 

Epicenter 

(Place) 

Geographic 

Coordinates 

Depth  P 
(km) 

recursory  Effect 

(M,D) 

Hida,  Gifu-Pref 

S6.7,i'ST.l' . 

10 

2.67 

3.6 

Mino  Middle-West,  Gifu-Pre; 

35.2,136.6 

10 

4.18 

5.2 

if 

ft 

10 

4.18 

3.5 

// 

if 

10 

4.18 

3.9 

East,  Aichi-Pref 

35.1,137.3 

40 

4.18  or  4,23 

3.7 

West,  Aichi-Pref 

34.8,137.1 

40 

4.27 

3.6 

North,  Mie-Pref 

35.2,136.5 

10 

5.06 

3.9 

Mino  Middle-West,  Gifu-Pre 

35.2,136.6 

20 

5.15 

5.9 

South,  Mie-Pref 

34.0,136.1 

400 

no 

4.3 

North,  Wakayama-Pref 

33.9,135,4 

60 

no 

3.6 

Middle,  Mie-Pref 

34.4,136.1 

10 

no 

4.4 

// 

34.6,136.1 

40 

no 

4,0 

it 

34.6,136.1 

40 

no 

"No": . Date’' 

(M,D) 

. "T^nir 

2  4.21 

3  4.22 

4  4.22 

5  4.25 

6  4.28 

7  5.10 

8  5.17 

9  6.01 
10  6.10 
11  6.20 

12  6.23 

13  6.24 


took  place  three  days  before  the 
earthquake.  So  that,  this  propagation 
anomaly  is  higher  likely  to  be 
precursory  to  the  earthquake.  Next, 
when  we  look  at  Table  1,  the  quake  Nos. 
2-4  occurred  at  the  same  position, 
which  means  that  these  quakes  should 
be  treated  as  a  group  (as  a  swarm).  The 
depths  of  the  earthquakes  (Nos.  1^8)  is 
relatively  small,  less  than  40km.  This 
may  be  the  reason  why  precursory 
ionospheric  perturba-tions  are  clearly 
identified.  The  earthquake  (No.  9)  has 
an  extremely  large  depth  (400km), 
which  may  be  associated  with  the 
absence  of  the  ionospheric  perturbations 
for  this  earthquake.  Then,  we  have  to 
describe  the  characteristics  of  the 
subsequent  earthquakes  (Nos. 
9,10,12,13).  Though  the  quake  No.  11 
is  very  shallow,  others  have  relatively 
larger  depths.  However,  the  reason 
why  there  are  no  ionospheric 
perturbations  associated  with  those 
quakes,  is  very  unclear,  though  one 
reason  is  that  many  of  them  occurred  at 


deeper  depths. 

4.  Summary  and  conclusion 

As  in  the  case  of  short  distance 
propagation  [4],  the  abnormal  change  in 
the  terminator  time  (Te  in  this  paper)  in 
the  diurnal  variation  of  subiono spheric 
propagation  (amplitude  and  phase)  is 
used  to  identify  the  seismo-ionospheric 
perturbations.  Unlike  the  short 
distance  case,  the  anomalous  shift  in  Te 
is  found  to  be  positive  on  some  occasions, 
and  negative  on  other  occasions  (this 
needs  a  theoretical  interpretation).  By 
using  the  2  a  criterion,  we  have 
investigated  the  correlation  of 
propagation  anomaly  (ionospheric 
perturbations)  with  an  earthquake.  In 
the  case  of  an  isolated  earthquake  with 
moderate  magnitude  (M23.5)  and  with 
smaller  depths  (d=10-20km),  we  could 
succeed  in  identify  a  propagation 
anomaly,  mainly  before  the  quake 
(probably  as  a  precursor).  There  was 
also  observed  an  anomaly  in 
propagation  before  a  series  of  quakes, 
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but  no  anomalies  are  found  to  be 
associated  with  earthquakes  with  larger 
depths. 
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The  authors  have  constructed  a  prototype  feed¬ 
through  type  EMI  filter  by  filling  the  hollow  portion  of  a 
coaxial  structure  having  an  outer  diameter  of  7.00  mm 
and  an  inner  diameter  of  3.04  mm  with  composite 
magnetic  material  made  up  of  Fe-Si  alloy  flakes  and 
polyphenilene  sulfide  resin.  Insertion  losses  were 
measured  in  the  frequency  range  from  100  MHz  to  20 
GHz  for  filter  specimens  containing  different  length  of 
composite  magnetic  material,  and  on  insertion  loss  of  10 
dB  and  greater  was  observed  from  1  GHz  to  20  GHz  in 
the  case  of  20  mm.  In  addition,  using  material  constants 
of  the  composite  magnetic  material  measured 
beforehand,  insertion  losses  were  calculated,  and  it  was 
found  that  the  results  of  calculation  agreed  relatively 
well  with  the  above  measurements. 

On  the  basis  of  the  above,  the  authors  hove  been  able 
to  clarify  how  the  material  constants  of  the  composite 
magnetic  material  affect  insertion  loss. 

L  INTRODUCTION 

As  processing  speeds  of  information  and 
communication  devices  become  increasingly  faster,  the 
internal  operating  frequency  of  system  LSIs  have  been 
reaching  several  hundred  MHz  while  that  of  ICs  on 
circuit  boards  100  MHz  [1].  This  rise  in  operating 
frequency  causes  electromagnetic  interference  (EMI) 
affecting  frequencies  up  to  the  GHz  band.  As  a  means  of 
suppressing  such  high-frequency  EMI,  a  method  based 
on  the  concept  of  “zone  separation”  has  been  considered 
effective  [2].  In  this  method,  a  circuit  generating  the 
EMI  is  shielded,  and  power  is  supplied  to  and  signals 
are  transferred  to  and  from  the  interior  of  such  a 
shielded  circuit  via  a  feed-through  EMI  filter. 

Conventionally,  feed-through  type  EMI  filters  used 
for  zone  separation  have  been  configured  as  low-pass 


filters  in  which  a  feed-through  type  capacitor  in  a 
metallic  cylindrical  case  is  connected  to  a  choke  coil  (or 
ferrite  beads)  in  an  L-,  T-,  or  ;r -circuit.  When  applied 
to  the  GHz  band,  however,  this  type  of  EMI  filter  suffers 
from  dispersion  in  insertion  loss  due  to  variation  in 
constituent  elements,  and  decrease  in  insertion  loss  due 
to  the  effects  of  parasitic  elements  on  frequency 
characteristics.  This  latter  drawback  is  manifested  as 
degraded  suppression  of  conductive  EMI  in  the  GHz 
band. 

With  the  aim  of  solving  the  above  technical  problems 
possessed  by  conventional  feed-through  type  EMI  filters, 
the  authors  have  been  researching  methods  of 
configuring  this  type,  of  filter  with  particular  attention 
placed  on  insertion  loss  obtained  by  filling  the  hollow 
portion  of  a  coaxial  structure  with  composite  magnetic 
material  [3].  In  this  regard,  we  have  previously 
constructed  feed-through  type  EMI  filters  using 
composite  magnetic  material  consisting  of  Ni-Zn  ferrite 
powder  and  polyester  resin,  measured  their  insertion 
losses,  and  examined  the  effects  of  material  constants 
(complex  relative  permeability  and  complex 

relative  permittivity  ( )  on  insertion  loss  [3]. 

In  this  paper,  we  report  on  the  constmetion  of  a  feed¬ 
through  type  EMI  filter  using  composite  magnetic 
material  made  up  of  Fe-Si  alloy  flakes  and 
polyphenilene  sulfide  (PPS)  resin.  We  describe  the 
results  of  measuring  insertion  loss  in  the  frequency 
range  from  100  MHz  to  20  GHz,  and  present  a  method 
for  estimating  attenuation  characteristics  from  the 
material  constants  of  this  composite  magnetic  material. 

2.  TEST  SPECIMENS 

2.1  Composite  magnetic  material 

For  the  magnetic  portion  of  the  composite  magnetic 
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material,  we  took  Fe-Si  alloy  particles  of  about  6  //  m  in 
diameter  and  formed  them  into  flakes  about  0.3  fj,  m 
thick  and  50  //  m  long.  An  electron  micrograph  of  these 
processed  flakes  is  shown  in  Fig.  1.  As  a  binder,  we  used 
PPS  resin,  which  is  known  to  have  good  affinity  with 
magnetic  powder. 

The  above  magnetic  flakes  and  binder  were  combined 
at  a  ratio  of  80:20  (weight-%)  and  a  material  suitable  for 
molding  was  prepared. 

Next,  using  a  plastic  mold,  this  material  was  formed 
into  seven  types  of  cylindrically  shaped  specimens 
having  outer/inner  diameters  of  7.00  mm/3.04  mm 
suitable  for  a  7-mm  coaxial  structure,  and  lengths  of  0.5, 
1,  2,  5,  10,  20,  and  40  mm.  An  electron  micrograph  of  a 
lengthwise  cross-section  of  the  20  mm  specimen  is 
shown  in  Fig.  2. 


Fig.  1  Photograph  ofFe-Si  alloy  flake’s  shape. 


Fig.  2  Photograph  of  center-lengthwise  cross  sectional 
structure  of  Fe-Si  alloy  flake-polymer  specimen. 

2.2  Feed-through  type  EMI  filter 

The  coaxial  structure  was  made  of  brass,  and  the  outer 
diameter  of  the  center  conductor  and  the  inner  diameter 
of  the  outer  conductor  were  set  to  3.04  mm  and  7  mm, 
respectively,  in  accordance  with  the  characteristic 
impedance  (SOD)  of  the  measurement  system.  The 
lengths  of  the  center  conductor  and  outer  conductor  were 
set  to  5,  10,  20,  and  40  mm  based  on  the  lengths  of  the 
cylindrically  shaped  molded  specimens. 

The  feed-through  type  EMI  filter  shown  in  Fig.  3  was 
constructed  by  filling  the  hollow  portion  of  this  coaxial 
structure  with  the  cylindrically  shaped  molded 
specimens  of  the  composite  magnetic  material. 


Composite  Otuer  Inner 


Fig.  3  Structure  of  feed-through  type  EMI  filter. 


3.  MEASUREMENT  METHOD 


3.1  Material  constants 

Using  a  network  analyzer  (Agilent  Technologies 
8720D),  S  parameters  (Sjj^  S2,)  were  measured  from  50 
MHz  to  20  GHz  for  a  cylindrically  shaped  5  mm  long 
molded  specimen  inserted  in  the  7-mm  coaxial  structure. 
Using  these  S  parameters,  the  material  constants  of 
complex  relative  permeability  ( )  and  complex  relative 
permittivity  ( i,. )  were  calculated  by  the  Nicolson-Ross, 
Weir  method  [4]. 


3.2  Insertion  loss  and  reflection  loss 


The  system  for  measuring  insertion  loss  and  reflection 
loss  of  a  feed-through  type  EMI  filter  is  shown  in  Fig.  4. 
In  this  50-/2  system,  insertion  loss  and  reflection  loss 
were  measured  from  100  MHz  to  20  GHz  by  the  2-port 
method  using  a  network  analyzer  (Agilent  Technologies 


8720D). 


Network  Analyzer 
HP  8720D 


IH 

GP-IB 

Board  ^ 

I  1 

Coaxial  Structure 
Outer  Diameler(OD) :  7.00  mm 
Inner  Diameter(ID) :  3.04mm 
LengthCL)  :  5.0  mm  to  40.0  mm 


Fig.  4  System  for  measuring  insertion  loss  and 
reflection  loss. 


4.  MEASUREMENT  RESULTS 


4.1  Material  constants 

The  results  of  measuring  and  calculating  the  material 
constants  of  the  composite  magnetic  material  are  shown 
in  Fig.  5.  At  the  lower  measurement  limit  of  50  MHz, 
the  frequency  dispersion  phenomenon  of  //).,  the  real 
part  of  complex  relative  permeability,  already  appears, 
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and  its  value  drops  to  1  at  3  GHz.  On  the  other  hand,  /i" , 
the  imaginary  part  of  complex  relative  permeability, 
exhibits  a  maximum  value  at  2  GHz  due  to  magnetic 
resonance  phenomena. 


O.OI  0.1  I  10  100 

Frequency  (GHz) 

Fig.  5  Frequency  characteristics  of  material  constants  of 
composite  magnetic  material. 


The  results  of  calculating  the  loss  coefficient  (tan  s ) 
for  and  are  shown  in  Fig.  6.  While  tana?  of 
(=  fll-l shows  a  value  near  70  at  a  frequency  of  6  GHz, 
tan^^  of  ky  (-Sy! Sy)  is  less  than  1  within  the  entire 
measurement  frequency  range. 

Ratio  of  Fe*Si  alloy  flakes  to  composite  :  80  wcight-%. 


0.1  1  10  100 
Fregucncy  (GHz) 

Fig.  6  Frequency  characteristics  of  tan  s  of  composite 
magnetic  material. 


4.2  Insertion  loss 

The  results  of  measuring  insertion  loss  from  100  MHz 
to  20  GHz  for  feed-through  type  EMI  filters  filled  with 
cylindrically  shaped  molded  specimens  of  seven 
different  lengths  are  shown  in  Fig.  7.  As  shown, 
insertion  loss  is  roughly  proportional  to  length  up  to 
about  5  GHz.  However,  for  the  40  mm  long  specimen, 
insertion  loss  climbs  above  100  dB  from  a  frequency  of  3 
GHz,  exceeding  the  limit  (100  dB)  of  the  measurement 
system  and  preventing  valid  values  from  being  obtained. 


Ratio  of  Fe-Si  alloy  flakes  lo  composite  :  80  weighl-%. 


Fig.  7  Frequency  characteristics  of  insertion  loss  of 
feed-through  type  EMI  filter. 


4,3  Reflection  loss 

The  results  of  measuring  reflection  loss  for  the  same 
seven  specimens  used  the  measurement  of  insertion  loss 
are  shown  in  Fig.  8,  As  shown,  reflection  loss  is  roughly 
inversely  proportional  to  length  up  to  about  300  MHz.  In 
the  case  of  specimen  lengths  5  to  40  mm,  measured 
values  behave  similarly  from  a  frequency  of  I  GHz. 
However,  for  the  specimen  lengths  0.5  to  2  mm, 
reflection  loss  is  roughly  proportional  to  length  up  lo 
about  10  GHz. 


Frequency  (dB) 


Fig.  8  Frequency  characteristics  of  rcfrection  loss  of 
feed-through  type  EMI  filter. 


5.  RESULTS  OF  CALCULATING  INSERTION 
LOSS 


5.1  Calculation  model 

The  model  used  for  calculating  insertion  loss  when 
filling  the  hollow  portion  of  a  coaxial  structure  with 
composite  magnetic  material  is  shown  in  Fig.  9. 

The  complex  relative  penneability  {fiy)  and  complex 
relative  permittivity  (iy)  of  an  inserted  specimen  are 
given  by  Eqs.  (1)  and  (2),  respectively. 

(1) 

ky  =  £y-  J  £y  (2) 

Now,  given  that  the  length  of  the  coaxial  structure  is 
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infinite  and  and  kj.  inside  the  coaxial  structure  are 
uniformly  distributed,  the  propagation  constant  { /  )  can 
be  expressed  as  shown  in  Eq.  (3),  for  electromagnetic 
waves  propagating  in  TEM  mode  [5]: 


OD :  Outer  diameter  of  composite  magnetic  material 
ID  :  Inner  diameter  of  above 
L  :  Length  of  above 

Fig.  9  Model  of  feed-through  type  EMI  filter. 


While  calculated  and  measured  values  behave 
similarly  for  all  three  specimens,  measured  values  are 
greater  than  calculated  values  in  all  cases,  and  the 
difference  between  them  becomes  larger  as  frequency 
increases. 


0.1  1  10  100 

Frequency  (GHz) 

Fig.  10  Comparison  between  calculated  and  measured 
insertion  loss  of  feed-through  type  EMI  filter 
(Specimen  lengths  :  5,  10,  and  20  mm). 


~  jco^fio  ■  So  hr  ■  K 

jdrHSy-  jSr)  .  (3) 

c 

The  symbols  used  in  this  equation  are  explained 
below: 

a :  Attenuation  constant, 

^  :  Phase  constant, 

:  Permeability  in  vacuum, 

£q  :  Permittivity  in  vacuum, 

0) :  Angular  frequency, 
c  ;  Speed  of  light. 

Next,  reorganizing  Eq.  (3)  with  respect  to  a 
(neper/meter)  and  using  GHz  as  unit  of  frequency, 
attenuation  in  dB  per  centimeter  can  be  given  by  Eq.  (4). 
Consequently,  if  the  material  constants  and  length  of  the 
composite  magnetic  material  are  known,  this  equation 
can  be  used  to  estimate  insertion  loss  at  any  frequency. 

Att  =  1.286 f  X  Sy 
f 

[dB/cm]  .  (4) 


( 

2 

(  "  ^ 

+1 

1. 

\.^y  J 

5.2  Calculation  results 

Using  the  material  constants  and  Ey)  calculated 
earlier  by  the  Nicolson-Ross,  Weir  method  from  the  S 
parameters  (S^^^  S2^)  measured  by  a  network  analyzer, 
insertion  loss  was  calculated  from  Eq.  (4).  Calculated 
and  measured  values  for  insertion  loss  are  compared  in 
Fig.  10  for  specimens  of  lengths  5,  10,  and  20  mm. 


Next,  calculated  and  measured  values  for  insertion 
loss  in  the  case  of  specimen  lengths  0.5,  1,  and  2  mm 
are  compared  in  Fig.  11. 

Here,  calculated  values  are  greater  than  measured 
values  for  the  three  specimens  up  to  the  frequency  where 
calculated  and  measured  values  cross.  After  tliis 
frequency,  however,  calculated  and  measured  values 
diverge  significantly. 

The  reason  for  this  behavior  is  thought  to  be  that 
multiple  reflection  modes  occur  inside  specimens  as  the 
specimen  length  shortens  (refer  to  Fig.  8),  and  that  the 
orientation  of  Fe-Si  alloy  flakes  in  the  composite 
magnetic  material  participate  in  shape  magnetic 
anisotropy  (refer  to  Fig.  2). 


0.1  1  10  100 
Frequency  (GHz) 

Fig.  1 1  Comparison  between  calculated  and  measured 
insertion  loss  of  feed-through  type  EMI  filter 
(Specimen  lengths  :  0.5,  1,  and  2  mm). 

To  e.xamine  the  attenuation  characteristics  of  the  feed¬ 
through  type  EMI  filter,  we  calculate  the  two  terms  in 
Eq.  (4)  and  the  product  of  Eqs.  (5)  and  (6)  below  from 


the  values  of  ii^  and  (see  Fig.  5): 

K  -  X  Sy 


(5) 
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The  results  of  these  calculations  are  shown  in  Fig.  12. 
As  we  can  see,  attenuation  is  governed  by  characteristics 
determined  by  Eq.  (5)  for  low  frequencies  under  3.5 
GHz,  and  by  those  determined  by  Eq.  (6)  for  high 
frequencies  above  3.5  GHz.  In  addition,  frequenc}' 
characteristics  of  Eq.  (6)  behave  similarly  to  those  of  tan 
s  of  (see  Fig.  6),  leading  us  to  sunnise  that  insertion 
loss  at  frequencies  exceeding  3.5  GHz  depend  on  tan^ 
of  fi,. 

Ratio  of  Fc-Si  alloy  flakes  to  composite  :  80  weight- Vo, 


0.01  0.1  1  10  100 
Frequency  {GIlz) 

Fig.  12  Analysis  of  factors  governing  attenuation 
characteristics  of  feed-through  type  EMI  filter. 

6.  CONCLUSIONS 

This  paper  has  described  the  construction  of  a  feed¬ 
through  type  EMI  filter  by  filling  the  hollow  portion  of  a 
coaxial  structure  with  composite  magnetic  material 
composed  of  Fe-Si  alloy  flakes  and  PPS  resin,  and  the 
measurement  of  insertion  loss  for  filter  specimens  of 
various  lengths.  It  was  found  that  an  insertion  loss  of  10 
dB  and  greater  could  be  obtained  in  the  range  from  1  to 
20  GHz  for  20  mm  in  length. 

In  addition,  calculations  of  insertion  loss  were 
performed  using  the  propagation  constant  for  an 
infinitely  long  coaxial  line  and  the  A.  and  k,.  of 
composite  magnetic  material  composed  of  Fe-Si  alloy 
flakes  and  PPS  resin.  Calculated  values  were  found  to 
generally  agree  with  insertion  loss  measured  by  the  2- 
port  method  using  a  network  analyzer  for  specimens  5 
mm  and  greater  in  length. 

In  future  studies,  the  authors  plan  to  clarify  further 
the  reason  why  differences  appear  between  measured 
and  calculated  values  for  insertion  loss. 
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A  number  of  problems  of  EMC  on  microwaves- 
detection  and  measurement  of  power  (spectrum) 
parameters  of  signals  and  suppression  of 
unwanted  radiation  -  can  be  solved  using  unique 
properties  of  gyromagnetic  media.  Hexagonal 
ferrites  with  high  internal  field  of  magnetic 
anisotropy  allow  their  operation  without  intense 
external  magnets.  Approaches  to  the  study  of 
interaction  of  gyromagnetic  media  with 
electromagnetic  field  and  ways  of  modeling 
microwave  frequency-selective  measuring  devices, 
absorbing  coatings  and  all-mode  filters  of 
harmonics  are  discussed. 

1.  INTRODUCTION 

EMC  of  electronic  equipment  and 

electromagnetic  ecology  at  microwaves  need 
methods  and  devices  for  detection,  spectrum 
analysis,  measuring  of  signal  parameters,  as  well 
as  coatings  and  filters  suppressing  unwanted 

radiation.  The  elaborated  equipment  must  operate 
in  wide  frequency  band  and  range  of  power,  satisfy 
demands  on  reliability,  low  cost,  and 

technologically  simple  and  repeatable 

manufacturing,  it’s  necessary  to  underline  that  only 
frequency-selective  methods  allow  getting  the 
most  full  and  adequate  information  on  the  radiation 
under  investigation. 

All  the  mentioned  above  problems  can  be 
solved  using  microwave  gyromagnetic  media  due 
to  their  unique  frequency-selective  physical 
properties.  Gyromagnetic  media  exhibit  frequency- 
selective  absorption  of  electromagnetic  energy  at 
ferromagnetic  (or  anti-ferromagnetic)  resonance.  In 
the  vicinity  of  FMR  and  power  level  less  than  that 
of  spin  wave  instability  excitation  stable  non-linear 
effects  take  place. 

Due  to  pure  spin  mechanism  of  this  interaction 
(Lande  factor  g=:2)  such  media  could  be 
considered  as  “non-currenf,  because  their 
conductivity  current  losses  turn  out  to  be 
negligible.  Permeability  of  these  media  in  general 


case  has  tensor  character,  they  exhibit  non¬ 
reciprocal  interaction  with  electromagnetic  waves 
of  various  polarization. 

in  the  past  years  the  significant  success  in 
basic  and  applied  research  of  gyromagnetic  media 
at  microwaves  is  achieved  in  the  Ferrite  Laboratory 
of  Moscow  Power  Engineering  Institute  (Technical 
University).  Main  research  and  development 
topics  directly  aimed  at  the  solution  of  the 
problems  of  EMC  and  ecology,  are  the  following: 

A.  Physical  bases  of  elaboration  of  frequency- 
selective  methods  and  devices  for  microwave 
signals  detection,  spectrum  analysis  and 
power  parameters  measuring  using 
monocrystalline  garnet  and  hexagonal  ferrite 
resonators; 

B.  Elaboration  of  technology  of  composite 
absorbing  materials,  study  of  their  chemical 
and  physical  properties.  Research  of  physics 
of  their  interaction  with  microwaves,  and 
design  of  coatings  and  devices  -  filters  of 
harmonics  on  base  of  dispersed  (powder) 
polyaystalline  hexagonal  ferrites. 

2.  FREQUENCY-SELECTIVE  MEASURING 
DEVICES  ON  BASE  OF  FERRITE  RESONATORS 

The  development  of  the  first  topic  (A)  mainly 
uses  the  classical  approach  to  the  description  of 
interaction  of  gyromagnetic  media  with 
microwaves.  This  approach  is  based  on 
phenomenological  model  of  the  magnetization 
vector  precession  [1].  Its  mathematical  language 
employs  continuous  harmonic  functions  used  in 
classical  field  theory.  Operation  of  the  elaborated 
devices  (magnetic  detector,  cross-multiplier, 
gyromagnetic  converter,  ferrite-diode  converter, 
filter-preselector,  ferrite  mixer)  is  based  on  stable 
non-linear  resonance  effects  in  ferrite  high-quality 
monocrystalline  resonators,  regimes  of  resonance 
detection  and  cross-multiplication  of  the  magnetic 
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detector  invented  in  60-ies  by  L.K.Mikhailovsky  (2]. 
The  scheme  of  non-heterodyne  gyromagnetic 
converter  (GC)  is  shown  on  fig.1.  The  “panoramic” 
measurer  of  power  parameters  of  W 

(spectrum  power  density,  width  of  spectrum; 
integral  power  of  wide-band  signals,  and  peak 
power  of  pulsed  signals)  was  elaborated  in  MPEI 
(TU)  (fig. 2).  This  device  was  produced  in  industry 
in  small  series  for  testing  spectrum  power 
parameters  of  intense  wide-band  noise  signals. 
The  measurer  uses  a  GC  with  monocrystalline 
ferrite  (YIG,  Ca-Bi-Va  garnet)  resonator  as  a  stable 
non-iinear  resonance  scanning  element  (for  the 
frequency  range  300  MHz-  30  GHz)  [3].  Another 
device  using  GC  is  wattmeter  of  peak  and  average 
power  of  pulse  signals  of  microsecond  duration 
(fig.3)  which  can  operate  at  up  to  1  MW  power 
level  [4].  The  devices  on  base  of  GC  exhibit  stable 
functioning  at  high  power  levels  admissible  for  the 
transmission  line  path.  Frequency  selectivity  of  the 
devices  is  determined  by  the  width  of  FMR  of  the 
employed  ferrite  resonator,  usually  1-10  MHz. 


Fig.1 .  Gyromagnetic  converter. 


Fig. 2.  Functional  scheme  of  microwave  measurer 
of  power  parameters; 

1-  magnetic  system;  2-  magnetic  detector;  3-high-pass 
filter;  4-low-pass  filter;  5-RF  modulating  oscillator;  6- 
ampllfier  of  converted  signal;  7-scanning  and  displaying 
block;  8-  measuring  block;  9-gyromagnetjc  converter. 


Application  of  monocrystalline  hexagonal  ferrite 
resonators  (HFR)  prolongs  the  frequency  range  of 
this  measurer  to  mm-waveband  (30  -  75  GHz) 
without  intense  and  massive  external 
magnetization  field  [5].  Modernization  of  the 
measurer  allows  providing  additional  function: 
detection  of  low-intensity  harmonic  signals  on 
background  of  the  wide-band  noise,  it  gives  more 
adequate  information  on  the  contents  of 
microwave  spectrum  under  investigation  [6], 


Fig.3.  Functional  scheme  of  microwave  wattmeter 
of  pulse  signals; 

1-  magnetic  system;  2-  magnetic  detector;  3-  RF 
modulating  oscillator;  4-  attenuator;  5-crystalIine 
detector;  6-  scanning  and  displaying  block;  7-  ferrite- 
diode  converter 

3.  GYROMAGNETIC  ABSORBERS  AND 
FILTERING  TECHNIQUES 

The  second  topic  (B)  uses  both  classical 
approach  operating  with  averaged  in  space 
constitutive  parameters  of  media  -  z  and  p,  and 
non-classicai  approach  based  on  axiomatic 
quantum  field  theory  and  its  mathematical 
language  -  gyrovector  formalism  with  discrete 
counting  out  in  space-time  for  quantification  of  both 
electromagnetic  field  and  gyromagnetic  media  [7]. 
Gyromagnetic  particles  are  represented  as  "point” 
centers  of  absorption  and  radiation  (CAR)  of 
electromagnetic  energy,  where  spin  moment  turns 
over,  and  instantaneous  transition  from  one 
discrete  energy  level  to  the  other  with  absorption 
or  radiation  of  the  corresponding  energy  quantum 
takes  place.  This  theory  forms  the  novel  trend  in 
microwave  electronics  -  Spin-Electronics  and  Non- 
Phase  Electrodynamics  (see,  for  example,  review 
[8.  9]). 

Non-classical  approach  clears  up  the  picture  of 
interaction  at  microcosm  level,  while  classical 
approach  allows  by  introducing  effective 
constitutive  parameters  of  composite  absorbing 
materials  to  deal  with  them  as  homogeneous 
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media  and  apply  modern  means  of  computational 
electromagnetics  for  the  design  of  the  devices  on 
their  base  [10],  Wide-band  composite 
gyromagnetic  materials  (CGM)  using  high- 
anisotropy  hexagonal  ferrite  powders  of  various 
chemical  formulae  are  elaborated  [11],  Due  to  the 
phenomenon  of  natural  ferromagnetic  resonance 
in  hexagonal  ferrite  particles  with  high  field  of 
crystallographic  anisotropy,  it  is  possible  to  design 
coatings  and  devices  operating  without  external 
magnets.  Desirable  frequency  characteristic  of  the 
absorption  could  be  formed  (see,  for  example, 
fig.4),  and  filters  of  harmonics  with  the  necessary 
parameters  could  be  designed  by  varying  the 
contents  of  the  composite  material,  geometry  and 
position  of  CGM  layers  [12],  Such  materials  were 
used,  for  example,  for  suppressing  the  5*^ 
harmonic  of  magnetron  radiation  of  microwave 
oven  that  falls  into  the  frequency  band  of 
telecommunication  systems  (fig. 5)  [13]. 


Fig.4.  Absorption  characteristic  of  composite 
gyromagnetic  material  with  doped  hexagonal 
ferrites  as  a  filler  and  polymeric  (hermetic^  base. 


Fig.  5.  Radiation  diagram  from  the  microwave 
oven;  1-  without  absorber;  2-  with  absorber.  0° 
corresponds  to  the  direction  normal  to  the 
microwave  oven  door. 


4.  APPLICATION  OF  GYROMAGNETIC 
MATERIALS  AND  DEVICES 

Developed  materials  and  devices  could  be  used: 

-  In  all  the  branches  of  industry  using 
microwaves  for  harmful  radiation  suppression;" 
In  radio  electronics  for  EMC  problems  that 
require  the  suppression  of  spurious  radiation  in 
transmitting  devices,  and  that  require  noise 
immunity  in  receiving  devices;  one  example 
would  be  suppression  of  the  5"’  harmonic  in 
microwave  oven  radiation,  which  causes 
interference  in  satellite  telecommunication 
systems; 

For  domestic  (everyday)  life  to  protect  people 
from  harmful  radiation  (microwave  ovens, 
medical  equipment;  portable  hand-phones); 

For  protection  of  human  beings  in  outer  space 
conditions; 

For  optimal  design  of  modem  computers  that 
have  microprocessors  operating  at  near¬ 
microwave  frequencies. 

5.  CONCLUSION 

Basic  and  applied  research  in  the  field  of 
gyromagnetic  media  carried  out  in  recent  years  in 
MPEI  (TU)  yielded  in  the  design  of  microwave 
equipment  having  new  principles  of  functioning 
and  construction.  The  “panoramic”  equipment 
aimed  at  testing  and  measuring  power  parameters 
of  microwave  signals  operates  in  the  frequency 
band  0.3-75  GHz.  Due  to  frequency  selectivity  at 
FMR  and  low  “current"  conductivity  losses  in 
gyromagnetic  media  the  devices  are  resistant  to 
high-power  overload.  All-directionally  matched  with 
free  space  spin  (non-current)  absorbing  materials 
have  been  elaborated  and  tested.  All-mode 
waveguide  filters  of  harmonics  of  intense  sources 
of  microwave  radiation  using  gyromagnetic 
composite  films  have  been  designed.  The 
elaborated  devices  and  coats  can  be  used  for  the 
solution  of  various  problems  of  electromagnetic 
compatibility  and  ecology. 
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Abstract  :  Norms  impose  the  limitation  of 
electromagnetic  radiation  of  numerical  links  betv/een 
equipment,  in  the  frequency  range  100  MHz  ~  JGHz. 
This  radiation  is  caused  mainly  by  common  mode 
current.  This  paper  describes  with  the  Finite  Difference 
in  Time  Domain  (FDTD)  method,  the  asymmetry  of  the 
transmission  line  created  by  different  termination  for  15 
pin  D  connector.  This  asymmetry  has  a  direct  impact  in 
the  level  of  transmission  link  radiation. 


2.  THEORETICAL  SIGNIFICANT  PARAMETER 
2.L  Total  radiated  power 

Before  knowing  the  favoured  parasitic  radiation 
directions  of  the  system,  we  will  interest  ourselves  in 
the  total  radiated  power  in  all  the  space  normalised  by 
the  accepted  power  line.  This  calculation  uses  a 
Huygen’s  surface  around  the  studied  problem. 


1.  INTRODUCTION 


In  the  following  scheme  (fig.l)  15  pin  D  connector 
realises  the  mechanical  link  between  cables  and  boxes, 
and  assumes  the  propagation  of  electric  signals.  The 
cable-connector  interface  modifies  the  propagation 
mode.  We  will  present  the  effects  of  this  additional 
element  on  the  parasitic  radiation.  In  our  simulations, 
the  transmission  line  is  symmetrical,  so  only  differential 
mode  current  flows  out  the  line.  The  aim  of  this 
simulations  is  to  determine  if  the  connector  can  be  able 
to  disturb  this  symmetry  and  to  generate  a  common 
mode  radiation. 

Therefore,  different  terminations  for  15  pin  D 
connector  will  be  evaluated.  The  use  of  pins  6  and  7  of 
the  connector  (fig.  4)  will  be  compared  to  the  use  of 
pins  8  and  9.  This  evaluation  will  be  done  in  two  cases 
l)all  others  opened  and  2)  all  others  shorted  to  the  box. 


fig.  I  :  Numerical  link  between  two  boxes  with  15  pin  D  connector 
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2,2.  Differential  and  common  mode  currents 

I. 


fig.2 :  Transmission  line. 

On  a  transmission  line,  the  common  and  the 
differential  mode  currents  are  computed  with  two 
transient  contributions.  The  following  simple 
transmission  line  shows  this  calculation  : 


114-12 
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(2) 


Il-l2 
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(3) 


The  voltage  supply  uses  a  gaussian  impulsion  with  an 
amplitude  voltage  of  IVolt  and  an  0.5ns  rise  time  to 


cover  the  frequency  range  (lOOMHz  -  IGHz).  The  line 


length  is  30  cm,  adapted  on  his  characteristic 
impedance. 
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3.  SIMPLE  TRANSMISSION  LINE  RADIATION 
AND  PROPAGATION  MODES 

C.R.Pau!  works  [I]  have  showed  the  unequal 
contribution  of  the  common  and  differential  mode  on 
the  parasitic  radiation.  First  we  consider  a  simple 
transmission  line  (fig.  2)  without  connectors  and  boxes. 

The  radiated  power  (fig.  3)  of  this  symmetry  line 
shows  only  the  differential  mode  effect.  The  level  of  the 
radiated  power  is  characterised  by  the  level  of  the 
differential-mode  current  and  the  distance  between  the 
wire  of  the  transmission  line.  In  our  case  the  wires  are 
separated  by  L5cm. 

A  way  to  add  common  mode  effect  on  this  simple 
structure  is  to  cut  down  symmetry  with  a  discrepancy  of 
the  supply  position.  In^  this  case  the  common  mode 
current  is  about  lOpA  whereas  the  differential  mode 
current  is  round  1mA. 

The  resulting  radiated  power  is  the  sum  of  the 
differential  and  the  common  effect.  The  fig.  3  compares 
the  maximum  of  the  radiated  power  with  the  magnitude 
of  the  common  mode  current  in  frequency  domain.  The 
same  resonance  frequencies  are  observed.  So  the 
common  mode  directly  influences  the  level  and  the 
resonance  of  the  radiated  power.  The  power  peak  are 
depending  on  the  resonance  frequencies  of  the  lines. 

So  the  prediction  of  the  radiated  emission  has  to  take 
into  account  the  presence  of  the  common-mode  current 
otherwise  radiated  emission  will  be  severely  under¬ 
predicted. 
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fig.  3  :  Differential  and  common  mode  influence 


4.TRANSMISSION  LINK  RADIATION  AND  15  PIN 
D  CONNECTOR  MODELLING 

The  D  connector  has  gained  a  tremendous  popularity 
in  most  of  industrial  applications.  For  this  raison,  its 
performances  will  be  evaluated.  Two  types  of 
connectors  will  be  modelled  1)  shielded  and  2) 
unshielded. 

4. 1 .  Characteristics  of  the  global  structure 


4.1.1  Dimensions  of  the  global  structure 

The  geometry  of  the  problem  is  presented  in  fig.l  :  it 
consists  of  a  30  cm  transmission  line  (two  parallel 
wires),  two  boxes  and  D  connectors. 

The  main  characteristics  are  : 

Box  dimensions  4  cm*4cm*4cm 

Line,  generator  and  charge  impedance  530i2. 

The  load  and  generator  resistance  of  this  structure 
are  chosen  to  provide  a  matched  load. 

4.1.2.  Characteristics  of  15  pin  D  connector 

The  fig.  4  presents  the  classical  15  pin  D  connector 
geometry. 

In  this  part,  shielded  and  unshielded  connectors  and 
tennination  influences  will  now  be  studied  in  the 
different  configurations  described  in  the  introduction  . 


2.50mni  2.50min  I  min 


fig.4  Geometry  of  15  pin  D  connector 
4.2.  Opened  non  used  pins 
4.2.1.  Shielded  15  pin  D  connector 

Common-mode  current  generation  is  caused  by 
ground-noise  and  symmetries.  In  our  simulations 
ground-noise  will  not  be  considered,  so  the  transmission 
line  has  no  connection  with  the  metallic  boxes. 
Asymmetry  in  15  pin  D  connector  may  be  caused  by  his 
shield  and  the  used  of  6  and  7  pins  (fig.4)  for  the 
transmission  line. 

We  compare  on  fig.5  this  case  with  the  following 
one  which  is  :  The  transmission  line  is  positioned  in  the 
middle  of  the  connector  pins  8  and  9  (fig.4).  A 
common-mode  current  of  8pA  appears,  if  the  line 
connections  are  placed  on  the  border  part  of  the 
connectors  (transmission  line  pins  position  6  and  7  on 
fig.  4).  On  this  other  case  the  radiated  power  is  only  due 
to  differential-mode  current. 
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So  the  radiated  power  of  a  transmission  link  between 
equipment  will  be  directly  influenced  by  the  choice  of 
the  terminations  of  the  connector. 


fig.  5 

4.2.2  Unshielded  connector 


4.3,1.  Shielded  connector 

On  case  1  and  2  the  common  mode  current  is  about 
28|iA,  whereas  it  is  round  8|iA  when  the  pins  are 
opened.  The  additional  common  mode  increases 
significantly  the  radiated  power  in  different  thin 
frequency  bands  (fig.  8).  The  common  mode  currents 
have  exactly  the  same  frequency  dependence.  But  the 
total  radiated  power  presents  a  resonant  frequency 
which  does  not  depend  of  the  line  length.  The  common¬ 
mode  current  interacts  with  the  ground-wires  and 
therefore  has  current  induced  in  it.  The  non  used  pins  of 
the  connector  and  the  ground  wires  are  equivalent  to  a 
R.LC  circuit.  This  circuit  is  described  on  fig.  9. 

So  the  current  induced  has  a  resonant  frequency 
which  depends  of  the  physical  characteristics  of  the 
wires  and  pins  (Inductance  and  mutual  capacitance 
between  pins  and  shield  of  the  connector). 

When  the  line  carries  only  differential-mode  current, 
this  phenomena  has  not  been  observed. 


In  the  last  paragraph,  it  has  been  showed  that  the 
presence  of  a  shielded  connector  can  be  at  the  origin  of 
a  common-mode  current.  In  the  case  of  unshielded 
connector,  asymmetry  may  be  caused  by  the  metallic 
border  of  the  boxes. 

The  fig.6  compares  the  radiated  power  when  the 
transmission  line  uses  6  and  7  pins  (fig.4)  but  with  a 
shielded  and  unshielded  connector.  This  figure  shows 
that  the  level  of  the  radiated  power  is  more  influenced 
by  the  presence  of  the  shielded  connector  than  by  the 
border  part  of  the  boxes. 
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fig.6 

4.  3Non  used  pins  shorted  to  the  electric  ground 

In  most  cases,  industrial  methods  chose  that  all  the 
non  used  pins  are  shorted  to  the  electric  ground  of  the 
box  or  the  PCB  border.  It  was  a  real  important  and 
difficult  operation  because  in  all  our  simulations  this  act 
increases  the  common  mode  current.  The  fig.  7  precises 
the  metallic  ground  connections  in  two  different  cases 
(case  1  and  case  2),  Influences  of  this  connections  will 
be  only  evaluated  when  the  connectors  generate 
common-mode  current  (  Use  of  pins  6  and  7  for  the 
transmission  line). 
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fig.  8  Total  Radiated  Power 
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fig.  9  Equivalent  circuit 
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4.3.2  Unshielded  connector 

In  this  case,  the  mutual  capacitance  are  reduced  so 
the  resonant  frequency  increases.  It  is  confirmed  on  the 
fig.  10  which  compares  the  total  radiated  power  with 
shielded  and  unshielded  connectors  in  case  1  (fig.7). 


ng.io 

4.3.3  Remarks 

This  last  numerical  results  must  be  confirmed  by 
experiment.  The  resonant  frequency  is  depending  of  the 
radius  of  the  pins  and  wires.  In  our  simulations,  they  are 


modelled  by  Holland  formalism  [2]  which  limits  their 
radius  at  I/IO  of  elementary  finite-difference  cells.  So 
the  resonant  frequency  will  be  certainly  translated 
outside  the  frequency  range  of  lOOMHz- 1  Gz. 

5..CONCLUSION 

The  radiation  level  of  a  transmission  line  between 
equipment  is  depending  of  the  termination  of  the 
connector.  The  15  pin  D  connector  can  be  able  to 
generate  an  asymmetry  which  is  at  the  origin  of  this 
current.  This  asymmetry  has  a  direct  impact  on  the 
common-mode  current  amplitude.  But  we  can  limit  this 
amplitude  if  an  unshielded  connector  is  associated  with 
an  unshielded  cable. 

Concerning  the  resonant  peak  on  the  radiated  power 
when  the  non  used  pins  are  shorted  to  the  electric 
ground  of  the  box,  tlie  numerical  results  must  be 
confirmed  by  the  experiment. 
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1.  ABSTRACT 

A  group  of  new  low  reflectivity  absorbing 
electromagnetic  energy  materials  has  been 
developed  at  the  University  of  Wroclaw,  Department 
of  Chemistry,  These  are  composite  materials 
showing  synergetic  effect  for  magnetic  properties. 
The  complex  permeability  of  these  materials 
performs  in  a  broad  band  of  absorption  and 
dispersion  starting  as  low  as  from  JMHz.  The 
physical  properties  of  these  materials  are 
revolutionary  in  comparison  to  ferrites.  These 
materials  can  be  hard,  elastic  and  can  be  plastic  as 
well.  The  materials  can  serve  even  as  a  gap  filler 
(for  hard  tiles).  The  consistency  of  the  material  does 
not  affect  its  magnetic  properties.  The  materials 
exhibit  good  temperature  and  time  stability.  The 
manufacturing  cost  of  these  materials  is  reasonable. 

At  present,  one  of  the  materials  is  being  used  in  the 
cable  industry  for  coating  specialist  EMC  cables. 
The  most  labour  intensive  and  time  the  new 
materials,  consuming  work  is  now  devoted  to  the 
development  of  the  other  practical  use  of  new 
materials. 


1,  INTRODUCTION 

Electromagnetic  energy  absorbers  are  of  great 
importance  for  EMC.  Absorbers  are  necessary  to 
solve  many  EMC  problems.  Absorbers  are  necessary 
to  cover  reflecting  surfaces  where  Uie  presence  of 
electromagnetic  radiation  is  undesired.  Amongst 
others  places,  it  is  used  to  line  the  walls  of 
electromagnetic  test  chambers  to  simulate  conditions 
of  free  space  or  open  area  test  sites  and  even  to  cover 
the  outside  walls  of  buildings.  On  the  other  hand, 
absorbers  can  be  used  in  EMC  cables  to  break  the 
unwanted  RF  currents  flowing  in  a  cable  or  in  its 


screen  and  it  is  used  in  the  absorbing  elements  of  filters. 
The  area  is  still  growing  where  the  absorber  cannot  be 
substituted  by  another  measure  to  limit  the  unwanted 
presence  of  RF  energy.  EMC  absorbers  have  been 
around  for  more  than  60  years  [1,2]. 

For  more  than  30  years  the  majority  of  low  reflectivity 
broadband  absorbers  have  been  made  from  two  layers  of 
materials:  the  first  layer  is  polyurethane  foam  loaded 
with  graphite,  the  second  layer  is  made  of  sintered 
ferrite.  The  absorbers  are  especially  shaped  to  minimise 
their  reflectivity.  The  foam  absorbers  are  shaped  into 
pyramids  or  wedges  -  which  guarantees  low  reflectivity 
even  for  incidence  angles  away  from  the  normal.  The 
thickness  of  the  absorber  (the  height  of  pyramids)  lining 
an  anechoic  chamber  must  be  at  least  X/4  for  EMC 
applications.  This  is  equivalent  to  approximately  2.5m. 
at  30MHz.  The  absorbers  of  the  first  layer  are  broadband 
absorbers  -  tlieir  effectiveness  increases  proportionately 
to  their  height.  For  higher  frequencies,  foam  absorbers 
can  be  made  from  flat  foam  sheets  with  tapered  carbon 
loading. 

The  ferrite  absorbers  can  be  in  the  form  of  solid  tiles  or 
grids.  The  latter  increases  the  useful  bandwidth.  The 
best  reflectivity  occurs  at  normal  incidence  angles  and 
worsens  significantly  for  angles  away  from  the  norm. 
The  thickness  of  the  solid  ferrite  absorber  lining  an 
anechoic  chamber  is  usually  between  6  and  7mm.  In  the 
case  of  the  grid  -  about  20mm. 

The  reflectivity  level  offered  by  the  solid  ferrite  absorber 
is  usually  low  enough  for  emission  and  immunity 
measurements  according  to  the  applicable  EMC 
standards  in  the  range  30  to  about  600MHz  [2],  The 
range  above  600MHz  (to  lOOOMHz)  calls  for  special 
measures  -  multilayer  designs.  These  hybrids  can  be  of 
2  or  more  layers.  The  most  popular  hybrid  is  made  of  a 
ferrite  layer  at  the  bottom  (shielding  side)  and  a 
pyramidal  foam  absorber  at  the  top.  To  fulfil  emission 
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site  requirements,  the  hybrid  height  should  be 
between  about  0.5m  to  1  m  for  the  higher 
performance  absorber.  The  performance  of  the 
above  mentioned  hybrid  can  be  further  improved  by 
additional  layers  of  dielectric  material  (usually 
plywood)  placed  between  metal  (shield)  and  ferrite 
layer  or  between  ferrite  layer  and  foam  absorber. 

Another  solution  is  a  hollow  absorber.  At  the 
bottom,  layers  of  ferrite  and  dielectric  are  placed  and 
the  top  is  made  of  hard  foam  absorber  plates.  The 
required  total  height  for  the  high  performance 
absorber  is  about  Im.  This  solution  containing  a 
foam  absorber  at  the  top,  results  in  a  veiy  high 
bandwidth. 

Low  reflectivity  in  a  more  restricted  bandwidth  (but 
satisfying  the  EMC  standards  requirements)  can  be 
obtained  with  a  multilayer  design  consisting  of 
ferrite,  dielectric  and  e.g.  ferrite  rubber  layer.  A 
ferrite  grid  can  be  another  interesting  alternative. 

Another  area  of  the  use  of  foam  and  ferrite  absorbers 
is  the  reduction  of  cavity  Qs  in  shielded  enclosures 
(e.g.  computer  housings),  suppression  of  unwanted 
RF  surface  currents  flowing  in  any  shape  metallic 
surfaces  and  RF  currents  flowing  in  cables  or  their 
screens  (coaxial  cables).  These  absorbers  can  reduce 
reflectivity  as  well.  Flat  foam  sheet  can  be  loaded 
with  carbon  or  magnetic  material  (eg.  powdered 
ferrite  or  carbonyl  iron).  Practical  reasons  call  for 
the  use  of  absorbers  made  of  silicone  rubber, 
polyurethane  rubber,  elastomer  or  other  elastic 
polymer  base  and  a  ferrite  powder  as  a  loader.  These 
absorbers  can  be  in  a  form  of  flat  tliin  sheets,  sleeves 
or  coats  as  well  as  other  shapes.  Absorbing  paints 
can  also  be  included.  Ferrite  loader  is  the  best,  but  it 
must  be  emphasised  that  the  ferrite  powder 
absorbing  properties  are  very  poor  in  comparison  to 
solid  sintered  ferrites. 

Summing  up: 

Foam  absorbers  are  very  broadband  but  they  are  very 
thick  at  lower  frequencies. 

Ferrite  absorbers  are  characterised  by  their  smaller 
bandwidth  and  their  thinness,  They  are  rigid, 
extremely  hard  and  very  sensitive  to  any  gaps 
existing  between  adjacent  tiles. 

Elastic  absorbers  containing  ferrite  powders  are 
characterised  by  very  poor  parameters  in  comparison 
to  the  solid  sintered  ferrite,  even  for  the  greatest 
saturation  of  ferrite  (e.g.  more  than  90%  wt.). 

The  purpose  of  tliis  paper  is  to  present  a  group  of 
new  absorptive  materials  with  unique  properties, 
developed  at  the  University  of  Wroclaw,  Faculty  of 


Chemistry  which  will  open  new  horizons  for  EMC 
absorbers  designers. 


3.  EXPERIMENTS  AND  RESULTS 

3. 1  Synthesis  and  electromagnetic  results 

We  have  synthesised  several  broad  band  absorptive 
materials  with  high  and  low  DC  electric  conductivity. 
The  synthesis  of  the  main  component  was  performed  by 
means  of  the  wet  method  at  room  temperature.  All  of 
these  materials  are  multi-composite  systems  and  can  be 
obtained  in  several  forms  (consistency)  starting  from 
hard  solid  state  and  ending  at  putty  like  materials.  In  all 
cases  we  observed  a  synergetic  effect  especially  for 
complex  magnetic  permeability  where  the  value  of  each 
component  itself  was  several  times  lower  than  that  of  the 
final  product. 

Fig.l  shows  the  complex  electric  permittivity  for  one  of 
our  materials  with  very  high  DC  conductivity  and  very 
substantial  contribution  of  electric  conductivity  up  to  30 
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Fig.  1  Real  and  imaginary  part  of  electric  permittivity 
of  CEF  material. 

The  complex  magnetic  permeability  is  shown  in  fig,  2. 
The  imaginary  part  (p”)  is  almost  constant  in  the  range 
of  1  MHz  to  100  MHz  then  gradually  goes  down  to  the 
value  2.5  at  lOOOMHz. 
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Fig.  2  The  complex  magnetic  permeability  vs. 
frequency  for  CEF  material. 
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Knowing  that  y  =  a  +jp  =  j2n/X(\iey^^  one  can 
calculate  a  being  the  relative  attenuation  of  the 
material  under  test. 

The  values  of  the  relative  attenuation  vs.  frequency 
for  CFE  material  are  presented  in  Fig.3 


I'lMHll 

Fig.3  Relative  attenuation  for  CEF  material 

Another  group  of  our  materials  are  low  DC 
conductive  materials  with  the  specific  resistance  of 
about  5000  •  m,  which  appears  to  be  of  great 

interest  to  EMC  cables  manufacturers.  The  most 
typical  for  this  group  developed  in  our  laboratory  is  a 
material  named  KWE.  The  electromagnetic 
parameters  as  a  ilinction  of  frequency  are  presented 
in  figs.4,  5  and  6. 
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Fig.4  The  complex  electric  permittivity  vs. 
frequency  for  KWE. 
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Fig.5  The  complex  magnetic  permeability  vs. 
frequency  for  KWE. 
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Fig.6  Relative  attenuation  for  KWE  material 

All  the  materials  of  the  type  KWE  are  easily  extrudable 
at  certain  temperatures  and  pressures.  The  MFI  (melt 
flow  index)  is  suitable  for  cable  production. 

The  next  group  of  absorbing  materials  developed  in  our 
laboratory  is  REC.  This  group  of  materials  is 
nonextrudable,  but  can  be  formed  into  plates,  rods, 
pellets  and  any  other  shapes,  or  even  paint.  The 
consistency  of  this  material  can  be  varied  from  hard 
solid  state  to  veiy  soft  putty.  The  most  typical 
representative  of  these  materials  is  REC-65. 

The  electromagnetic  parameters  vs.  frequency  are  shown 
in  figs.7,  8  and  9. 
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Fig.7  Complex  electric  permittivity  vs. 
frequency  for  REC-65  material. 
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Fig.8  The  complex  magnetic  permeability  vs. 
frequency  for  REC-65  material. 
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Fig.9  Relative  attenuation  for  REC-65  material. 


3.2  Measurement  methods 

The  electric  permittivity  measurements  were 
performed  by  means  of  the  lumped-capacitance 
method  [4,5]  using  a  HP-4191A  RF  impedance 
analyser.  The  complex  input  impedance  of  the 
capacitor  is  described  by  the  following  equation: 

Z(r)  =  Joik4^) 

i'2.n  k-'[^rj^{k-^s*r) 

where:  r  is  the  radius  the  cylindrical  sample,  k  -  1/X, 
d  is  the  thickness  of  the  sample  and  e  =  8  -js  . 

The  complex  magnetic  penneability  measurements 
were  performed  by  means  of  the  inductance  method. 
The  inductance  method  is  derived  from  the 
permeability  of  the  self-inductance  and  resistance  of 
magnetic  materials.  First,  the  inductance  value  L  of 
the  sample  holder  is  measured  without  the  sample. 
Then,  the  sample  is  put  into  the  sample  holder  and 
measured  for  the  inductance  value  again.  Relative 
permeability  is  calculated  from  the  following 
relationship  [6]: 

^'^4-4  2;r 

where  and  Lo  are  the  inductance  of  the  sample 
holder  with  and  without  sample,  respectively,  jMo  is 
the  magnetic  permeability  of  free  space,  h,  a  and  b 
are  the  dimensions  of  the  toroidal  -  like  sample.  All 
the  measurements  of  inductance  and  dissipation 
factor  (tanSji)  were  performed  using  the  HP-41 91 A 
RF  impedance  analyser.  The  average  accuracy  of 
inductance  measurements  was  ±3%  and  for  tan5^i 
was  ±5%, 


4.  CONCLUSION. 

The  properties  of  the  materials  presented  allow  us  to 
consider  them  as  unique  new  proposals  for  the  designers 
of  EMC  absorbers. 

They  can  replace  classical  absorptive  materials  or 
enhance  their  performance  in  complex  absorbing 
structures. 

The  mechanical  properties,  such  as  high  plasticity, 
elasticity,  adhesivity  and  extrudibility  (if  required),  give 
a  very  broad  field  of  applications.  The  additional 
advantage  of  these  materials  is  that  their  specific  weight 
is  almost  half  that  of  solid  ferrites. 

These  materials  can  be  easily  formed  into  plates,  pellets, 
rods  and  other  much  more  complex  shapes. 

They  can  also  be  manufactured  as  paints,  putties,  fillers 
and  magnetic  fluids. 

It  appears  that  these  materials  will  open  new 
perspectives  for  EMC  absorbing  facilities  and  EMC 
cables  manufacturers. 
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When  determining  parasite  radiation  and  levels  of 
interference,  created  by  conductive  communication 
lines,  it  is  necessary  to  know  allocation  and  intensity  of 
their  exterior  electromagnetic  fields.  For  this  case  on 
the  basis  of  a  solution  of  the  electrodynamics  problem 
the  weak  radiation  of  a  multipair  cable  is  considered 
and  some  effects,  which  are  not  taken  into  account  in 
the  theory  of  signal  transmission  by  communication 
lines,  are  studied. 

1.  INTRODUCTION 

In  contradistinction  to  known  solutions  for  a  two- 
wire  line  twisted  in  group  and  in  winding  [1]  our  physi¬ 
cal  and  mathematical  model  for  determining  external 
field  takes  into  account  oscillatory  character  of  co¬ 
ordinate  of  point  of  a  helical  line,  formed  by  pair  of 
multicore  cable,  each  pair  of  which  has  pitches  of  strand 
in  group  h  and  in  winding  H,  In  the  majority  of  modem 
cables  a  group  consists  of  two  wires,  while  a  winding 
can  consist  of  two  and  more  groups. 


Fig.  1.  Model  of  a  line  with  double  twisted  wires 

Taking  into  account  that  in  the  majority  of  multipair 
balanced  cables  low  enough  frequencies  are  used  the 
delivered  problem  is  solved  in  a  quasistatic  approxima¬ 
tion  with  the  conjecture,  that  wires  are  rather  thin. 
Fields  components  of  a  cable  with  double  strand  of  con¬ 
ductors  are  found  with  the  help  of  a  vector  potential  in  a 
cylindrical  co-ordinate  system  (/?,  (p,  z),  z  axis  of  which 
coincides  an  axis  of  a  cable. 


2.  MATHEMATICAL  MODEL  OF  CABLE  FIELD 


As  a  result  of  a  solution  of  the  electrodynamics 
problems  the  algorithms  for  determination  of  separate 
components  of  electrical  and  magnetic  fields  of  a  cable 
are  obtained  with  feeding  currents  +  I  and  -/  in  a  sepa¬ 
rate  pafr.  Thus  it  is  shown,  that  the  external  field  of  each 
pair  of  a  multipair  cable  with  double  strand  of  conduc¬ 
tors  has  6  components:  3  magnetic  Hp,  H.  and  3 
electrical  Thus  expressions  for  field  compo¬ 

nents  are  rather  complicated  [1].  In  engineering  practice 
the  approximated  formulas  can  be  used,  which  are  cor¬ 
rect  when  R«H  and  r  «  h: 


=  Z 

««:-Hao*e±I,±3... 
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the  pitch  of  strand  in  group  h=12  cm  and  the  pitch  of 
winding  H  =44  cm  is  shown  in  Fig.  4. 


cable 


The  installation  allows  to  displace  sensors  on  azimuth 
on  radius  (//p),  and  length  of  a  cable  (//^).  Each  of 
three  sensors  (2,  3,  4  in  Fig.  5)  is  located  in  the  special 
mobile  box  (1)  on  identical  distances  from  an  axis  of  a 
cable  (9)  and  has  different  spatial  orientation,  "Point" 
sensors  consist  of  diminutive  induction  coils  with  di¬ 
ameters  that  equal  5  mm,  which  are  connected  to  the 
pre-amplifiers  (5).  The  output  signal  of  each  amplifiers 
goes  to  the  commutator  of  signals  MUX  (10)  and  then  to 
the  selective  microvoltmeter  SMV  (11).  The  box  (1) 
with  sensors  has  a  possibility  to  be  rotated  on  movable 
measuring  table  (12)  of  the  installation.  Thus  its  position 
is  fixed  with  the  help  of  measuring  ruler  (6).  The  posi¬ 
tion  of  sensors  on  azimuth  is  accomplished  by  rotation 
of  mobile  measuring  table  (12)  around  the  measuring 
limb  (8)  that  surrounds  a  cable  (9).  Displacement  of  the 
sensors  along  a  cable  is  fixed  by  measuring  ruler  (7). 


Measurements  of  components  Hpy  Hj  has  been  car¬ 
ried  out  with  the  help  of  "point"  inductive  sensors  as¬ 
sembled  in  the  special  box,  located  on  the  measuring 
installation  platform.  The  scheme  of  measurements  is 
shown  in  Fig.  5. 


5.  RESULTS  OF  MEASUREMENTS 

The  experimental  measurements  have  shown,  that 
theoretical  calculations  give  the  overstated  level  of 
magnetic  field  components,  especially  immediately  near 
a  cable,  where  results  can  differ  on  the  order  and  more. 

It  was  revealed  that  a  medium,  in  which  a  cable  is 
located,  does  not  influence  practically  on  magnetic  field 
components  values  on  distance  up  to  0.5  m.  It  com¬ 
pletely  confirms  conclusions,  which  were  made  in  [3,  4] 
by  examination  of  medium  effect  on  field  of  a  two-wire 
line  in  immediate  proximity  from  it. 

The  spatial  pictures  of  external  magnetic  field  near 
the  cable  with  only  one  pair  connected  to  the  signal 
source  are  shown  in  Fig.  6  and  Fig.  7. 


Fig.  6.  Variation  of  output  signal  level  of  the  "point" 
induction  sensor  when  moving  along  surfaces  of 
the  cables  with  h~5,5  cm  and  h=22  cm 


Fig.  5.  Instrument  installation  scheme:  1  -  box  with 
"point"  sensors;  2,  3,  4  -  "point"  induction  sen¬ 
sors;  5  -  preamplifiers  of  sensors;  6  -  measuring 
ruler  for  component  ;  7  -  measuring  ruler  for 

component  //. ;  8  -  measuring  limb  for'  compo¬ 
nent  9  -  investigated  cable;  10  -  sensor 

commutator;  11  -  selective  microvoltmeter  ;  12- 
movable  measuring  table. 


In  Fig.  6  variation  of  the  output  signal  of  the  "point" 
magnetic  sensor,  wliich  is  oriented  for  registration  of 
magnetic  field  component  Hg,  and  moves  along  the  one- 
quadded  cable  with  h=5,5  cm  and  the  seven-quadded 
cable  with  h=22  cm  are  presented. 

In  Fig.  7  the  experimentally  obtained  dependencies, 
(curves  1,  2,  3),  which  ch^acterise  variations  of  compo¬ 
nents  Hgn  Hp,  upon  radial  distance  from  cable  axis, 
are  given.  These  measurements  were  carried  out  at  fre- 
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Here  ^5-  initial  angle  of  radius  r  of  rotation  around  the 
line  ^7=0  (when  2=0)  (see  Fig.  1),  -  modified 

Bessel  functions  of  m  order  and  their  derivatives. 

Character  of  field  distribution  around  a  cable  is 
rather  complicated  and  essentially  depends  on,  distance 
from  an  observation  point  to  a  cable  axis. 

3.  CALCULATION  RESULTS 

The  calculating  algorithms  for  field  components  was 
obtained  as  series  and  are  rather  complicated  and  conse¬ 
quently  those  terms  of  series  are  used  only,  which  ones 
give  greater  contribution  to  field  magnitude. 

As  numerical  analyse  showed,  bigger  terms  are  that 
in  which  values  of  g  are  lower.  In  this  case  it  is  suffi¬ 
cient  to  consider  that  members  only,  for  which  |rt|+|ytl^5. 

In  Fig.  2  the  results  of  calculations  of  the  polar  dia¬ 
grams  for  components  of  the  magnetic  field  of  the  two- 
wire  line  with  double  twisting  of  wires  (R=5  mm,  r=2 
mm,  H-200  mm,  /?=100  mm,  7=1  A,  =10^  Hz 

near  the  cable  for  /7=0.03  m  (Fig.  2a)  and  for  consider¬ 
able  distance  p=  0.5  m  (Fig.  2b). 


a. 


Fig.  2.  The  polar  diagrams  of  magnetic  field  components 


Periodical  variation  along  a  cable  axis  is  a  charac¬ 
teristic  feature  of  this  field.  Thus  the  period  of  variation 
of  field  components  near  a  cable  is  equal  to  a  pitch  h  of 
strand  of  conductors  in  group,  on  large  distances  the 
periodicity  has  more  complicated  character  and  depends 
on  a  relation  hlH, 

The  character  of  variation  of  magnetic  field  compo¬ 
nents  along  z  axis  of  a  cable  with  the  same  parameters  of 
pitches  of  strand  in  group  h  and  in  winding  H  is  pre¬ 
sented  in  Fig.3.  As  calculations  have  shown,  near  to  a 
cable  (/7=0.03  m,  Fig.  3a)  the  components  of  a  field 
change  the  sign  with  periodicity,  which  equals  0.5  h 
(«50  mm),  and  on  large  distances  (p=0.5  m,  Fig.  3b)  the 
periodicity  has  more  complicated  character  and  depends 
on  a  relation  hlH,  In  this  case,  when  h  and  H  are  se¬ 
lected,  this  periodicity  equals  /i,  that  is  77/2=100  mm. 


A/m 


I0*‘^Aym  Hz,  10*’ A/M 


Fig.  3.  Periodicity  of  magnetic  field  along  the  cable 


As  it  is  visible  from  given  data  near  to  a  cfable  the 
components  77^  and  77^,  predominate  and  the  picture  of  a 
field  is  similar  to  structure  of  a  field  of  a  two-wire  not 
twisted  cable.  When  distance  from  a  cable  increases, 
component  77^  becomes  greater  (Fig.  2b)  than  77^  and  Hp 
or  has  the  same  order,  and  the  polar  diagram  tjecomes 
more  complicated.  The  magnetic  field  near  cable  attenu¬ 
ates  approximately  as  When  distance  from  cable 
increases  the  field  attenuates  weaker. 


4.  EXPERIMENTAI.  INVESTIGSTIONS 

Experimental  investigation  of  structure  and  charac¬ 
ter  of  magnetic  field  components  of  a  two-wire  cable 
with  double  twisting  of  wires  has  been  carried  out  on 
cuts  of  cables  of  different  types  with  feeding  a  testing 
signal  in  one  of  pairs.  Attitude  of  measuring  point  M{p, 
%  2)  concerning  the  pair  A  of  the  multipair  cable  with 
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quencies  1  and  30  kHz  by  the  "point"  sensor  when  cur¬ 
rent  in  a  cable  pair  /  =  1  A.  On  both  frequencies  the  lev¬ 
els  of  measured  signals  were  identical  in  error  limits  of 
experiment.  In  the  same  Fig.  the  calculated  dependency 
of  component  (curve  6)  for  the  same  cable  is  shown. 


Fig.  7.  Dependency  of  magnetic  field  components  on 
distance  p  for  twisted  pair  with  /2=22cm  (curves 
1 ,2,3  -  experiment,  curve  6  -  calculation) 

For  comparison  of  dependency  of  component  on 
distance  from  non-twisted  and  twisted  pairs  {h=  10  cm) 
lines  the  extreme  curves  (Fig.7,  curves  4  and  5  corre¬ 
spondingly)  are  presented. 

6.  CONCLUSIONS 

1.  The  components  of  an  exterior  magnetic  field  of 
two-wire  pairs  of  a  cable  with  double  twisting  of  con¬ 
ductors  depend  on  pitches  of  strand  in  group  h  and  in 
winding  H,  and  also  on  a  relation  r/p, 

2.  When  distance  from  a  cable  increases  the  at¬ 
tenuation  of  field  components  augments  with  a  diminu¬ 
tion  of  a  pitch  of  strand  in  group  h. 


3.  Magnetic  components  of  cable  with  double 
twisting  of  wires  in  the  1-^30  kHz  frequency  band  does 
not  depend  on  frequency. 
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The  task  of  determination  of  random  process  char¬ 
acteristics  on  linear  fdter  output  is  considered  and 
unified  calculation  method  is  suggested.  It  is  based  on 
representation  of  linear  system  in  form  of  linear  aperi¬ 
odic  links  connected  in  parallel.  This  method  allows  to 
unify  and  simplify  solution  of  linear  filtering  problem. 
The  effectiveness  of  method  is  illustrated  by  EMC  esti¬ 
mation  of  lighting  facilities  by  dose  of  voltage  oscilla¬ 
tions. 

1.  PROBLEM  DESCRIPTION 

Linear  filter  is  a  component  in  the  dynamic  EMC 
model.  The  filter  models  the  reaction  Y{i)  of  an  object 
to  the  interference  X{t).  The  problem  consists  of  the 
determination  of  probabilistic  reaction  characteristics 
from  the  known  interference  characteristics.  Generally, 
this  problem  is  solved  within  the  bounds  of  correlation 
theory  of  random  processes.  For  simplicity,  let  us  limit 
the  problem  to  finding  the  reaction  dispersion  Dft) 
from  the  influence  of  stationary  random  interference  on 
an  object.  We  assume  that  the  correlation  function 
Kx{i)  and  the  spectral  density  Sx((o)  do  not  depend  on 
time  t. 

After  feeding  stationaiy  interference  to  the  object 
input,  the  transitional  random  process  starts  to  proceed 
at  the  object  output,  and  for  ?  oc  the  steady  state  sets 
in.  For  the  steady  state,  the  reaction  dispersion  can  be 
calculated  by  well-known  formulas  {e.g.  [1]): 

COOQ  00 

D)'  =  J  Jg(v)g(«)A:;i^(v-M)=  lA^(o))Sx(co)do)  (1) 

0  0  0 

where  g(t)  is  the  weight  or  impulse  function  of  the  fil¬ 
ter,  /I((o)  is  the  amplitude-frequency  function  of  the 
filter,  and  v  and  u  are  variables  of  integration. 

The  usage  of  these  fonnulas,  however,  entails  cum¬ 
bersome  computations.  First,  the  filter  should  be  de¬ 
scribed  by  linear  differential  equation  of  the  n^^  degree 
{n  is  high),  making  the  expression  for  g(0  and  A((.o) 
quite  complicated.  For  example,  for  the  flickermeter 
filter  n^4  [2].  Second,  it  is  necessary  to  fulfil  double 
integration  in  each  new  task. 


The  purpose  of  the  paper  is  to  work  out  a  unified 
calculation  method  that  would  allow  solution  of  the 
problem  by  algebraic  transformation  without  integra¬ 
tion.  There  are  two  types  of  the  problem:  in  the  first 
type  the  unification  is  realized  partially  for  every  type  of 
the  interference  correlation  function;  in  the  second  type 
the  total  unification  is  realized. 

2.  PROBLEM  OF  THE  FIRST  TYPE 

The  idea  of  the  suggested  method  is  that  the  filter 
with  complex  structure  is  represented  in  the  form  of 
linear  aperiodic  links  connected  in  parallel  (Fig.  1). 


b) 

Figure  1. 

The  decision  reaction  equals  to  the  sum  of  “partial” 
reactions  XO  of  each  link  to  interference.  Transfer  coef¬ 
ficients  a  and  time  constants  J  of  the  links  are  deter¬ 
mined  from  the  condition  that  the  transfer  function  G{s) 
of  the  filter  must  be  equal  to  the  sum  of  transfer  func¬ 
tions  of  the  links. 
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The  transfer  function  of  the  filter  is  equal  to  the  ra¬ 
tio  of  two  polynomials  J[s)  and  z(.y).  This  ratio  is  ex¬ 
pressed  by  means  of  simple  roots  S],  $2^  .v,,  of  equa¬ 

tion  z(5)=0.  This  allows  determination  of  characteristics 
of  any  link  /: 


m 


/=! 


where  is  the  coefficient  of  5"  in  the  polynomial 
z(s).  For  s^Si,  the  value  of  Of  is  not  zero  because  the 
multiplier  {s-si)  is  cancelled  by  the  same  multiplier  in 
denominator.  The  values  of  link  parameters  can  be 
complex,  however  the  imaginary  quantities  are  absent 
in  final  expressions. 

The  same  process  X{t)  is  fed  to  the  inputs  of  links, 
thus  the  “partial  reactions  are  correlated  variables. 
Therefore,  in  addition  to  “partial”  dispersion  Dy,  it  is 
necessary  to  take  into  account  the  intercorrelation  mo¬ 
ment  kir.  Intercorrelation  moment  between  /  and  r 
“partial”  reactions  is  calculated  by  formula 


00  CO 

kir  =  I  (3) 

00 

The  decision  dispersion  of  reaction  is 

(4) 

/=1  itr 


3,  PROBLEM  OF  THE  SECOND  TYPE 


Total  unification  of  calculations  is  only  possible  for 
the  steady  state  processes  (indicated  by  tilde,  -').  It  is 
well  known  that  stationary  process  X{t)  is  a  result  of 
passing  white  noise  ^(/)  through  a  linear  system  with 
transfer  function  G,\{s)  (Fig  2),  the  parameters  of  which 
depend  on  interference  correlation  function  type.  For 
example,  for  exponential  correlation  function  the  linear 
system  is  an  aperiodic  link  with  parameters 


= 


2D 


X 


Tv  =■ 


where  the  constant  c  is  spectral  density  of  white  noise. 


(6) 


Figure  2, 


As  a  result,  the  filter  can  be  represented  as  the  com¬ 
bined  system  with  transfer  function  Gc(s)-Gx{s)G(s).  If 
m  is  the  degree  of  the  polynomial  in  denominator  G(sX 
then  the  system  has  n+m  degree. 

Instead  of  interference,  white  noise  is  fed  to  the  in¬ 
put  of  the  combined  system.  Using  the  “partial  reac¬ 
tions”  method  for  this  system,  one  can  obtain  «+w  lin¬ 
ear  aperiodic  links  connected  in  parallel.  Parameters 

a  and  J  of  these  links  are  determined  by  fonnulas  (2), 
but  for  A?+w  roots.  Spectral  density  of  white  noise  is 
equal  to  the  constant  c  and  the  correlation  function  of 
white  noise  is  expressed  through  delta-function: 


For  each  type  of  correlation  function,  Dy  and  k,r 
were  calculated  by  means  of  using  g(/)  as 

weight  functions  in  formulas  (1)  and  (3),  with  y=^l/7'. 
For  instance,  for  exponential  correlation  function  with 
dispersion  Dx  and  parameter  a  we  will  have 


a^y 


^ir  =  ^X  ' 


a  +  y 

iri 


(5) 


Correlation  functions  of  reactions  are  found  simi¬ 
larly. 

Thus  for  users  this  task  comes  to  determination  of 
roots  Si  and  to  algebraical  calculations  by  formula  (4). 
Unification  of  computations  means  that  the  same  ex¬ 
pressions  for  Dy  and  k,r  are  used  for  filters  of  different 
structure. 

In  this  case  unification  is  not  total  because  quanti¬ 
ties  Dy  and  ^,>  are  different  for  different  correlation 
functions.  However  fundamental  advantage  of  such 
unification  is  that  it  can  also  be  applied  to  nonstation¬ 
ary  processes  Y(/)  and  Y(f). 


k X  (t)  =-  Tt  ■  c  ■  Sir)  (7) 

Using  these  values  in  formulas  (1)  and  (2)  yields  simple 
expressions  after  integration: 


D 


y 


TT-c-a^ 


2.7 


Tt'C'Cif  •  a). 
J  i  +  J  f. 


(«) 


Decision  dispersion  is  calculated  by  formula  (4).  In 
the  final  expression,  the  constant  quantity  tic  is  canceled 
out.  Therefore  we  can  put  rtc^l.  Unification  of  calcula¬ 
tion  is  total  since  formulas  (8)  are  independent  on  the 
type  of  correlation  function  and  G{s). 

4.  EXAMPLE 


The  dose  \\i  of  voltage  oscillation  is  standardized  in 
standard  [3].  This  dose  is  equal  to  the  dispersion  of  a 
process  on  the  filter  output,  which  is  completely  analo¬ 
gous  to  flickcnneter  filter  [2].  The  following  values  of 
the  dose  are  allowed:  0.018  (%)^  and  0.034  {%f  for 
incandescent  lamps  for  work  with  significant  visual 
effort  and  in  normal  conditions,  respectively;  and  0.079 
(%)"  for  fluorescent  lamps.  Let  us  estimate  acceptability 
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of  fast  voltage  fluctuations  with  exponential  correlation 
function  for  Dx  -2  (%f  and  a  =  0.7 

Expression  for  filter  transfer  function  from  [2]  can 
be  represented  as 

bT^s-(T^s  +  \) 


G(5)  =  - 


(r,'s2+r5j+i).(7’3s+i).(7’^s+i) 


(9) 


whereZ?=  1.748  =0.017  ^  =0.07  .y , 

=  0.0135, =0.00726  5, =0.015  5. 

As  the  dose  is  estimated  for  steady  state  conditions, 
we  can  solve  the  problem  two  ways. 

The  first  way  corresponds  to  the  problem  of  the 
first  type.  Let  us  determine  the  denominator  roots  in 
formula  (9): 

5,2  =-^±yP  =  -25.51  ±;5 1.556  5“', 

.-1 


53  =  -Yj  =  -7.699  s' 
s,=-y,=-ms-\ 
T, 


where  X  =  - 


‘5 


2.r 


p= 


4T^  - 
2-T} 


^3,4 


=  \/r 


3,4’ 


Numerically, 

a,  =0.296  +  7*0.482  5,  =0.007  +  7O.OI6  5  . 

Parameters  ^2  and  are  calculated  similarly: 

=0.296-  70.482  5,  =0.007-70.016  5, 

and  so  on. 

For  first  and  second  links  by  formulas  (5): 


^  1  =  A; 

y]  (f 


^  o  =  A. 

y2  U 


a^y 
1  M 


a+y 


=  -0.282  +  yO.57  (%y 


o^y 

^  \  =  -0.282  - yO.57  (%)^ , 
a  +  y; 


,  r.  oayyAy+y+2cC) 

k„  =  D  ,  •— -i  ^  ^  ? - =  0.65  (%)^ 

(y, +y,)-(a+y,)-(a+Y,) 


a  bTs  (r  5  +  1) 

G  (5)  =  — — - - 2 - 

^  (7-,V  +7’35  +  l)(7-35  +  l)(r^5  +  l)(7’^5  +  l) 

In  the  denominator,  the  polynomial  in  the  first 
brackets  has  complex  roots: 

5,2  =-25.51  ±;5 1.556  5"'  (for  y  = 

and  other  roots  are  real: 

53  =  -7.699  5"' ,  5^  =  -137.6  5'' ,  5^  =  -0.7  5'' . 
Taking  into  account  that  the  multiplier  of  5^  in  the  de¬ 
nominator  of  Gc(5)  is  equal  to  T^T^TJ^  ,  we  can  de- 
termine  the  parameters  of  the  first  link  by  formula  (8): 

^  ^ _ -a^-6  (r25  +  l) _ 

-''3)-^  -h") 

a,  =0.0036- y0.0055  5  and  J,  =0.0077  +  yO.OI6  5. 

Parameters  of  other  links  are  calculated  likewise.  Time 
constants  of  the  three  links  are  real  and  equal  to  Ts, 
and  Tx,  while  their  transfer  coefficients  are  complex. 

For  the  first  and  second  links,  formulas  (8)  give 

=-7.8610-^-y0.2610'^  (%)^ 

D^2  =-7.8610"^  +  y0.2610‘^  i%f , 

1,2  =  8.865  1  O’’  (%)’. 

The  decision  dose  of  voltage  oscillation 

4  ^  _  _  _  _ 

V  =  S  ^3-;  ^  ■  (^12  +  *13  +  *14  +  *23  +  *24  +  *34  >  ’ 

vj/  =  0.028  (%)’. 

By  comparing  of  this  value  with  the  acceptable  ones  we 
can  conclude  that  voltage  oscillations  in  this  example 
are  only  inadmissible  for  work  under  incandescent  illu¬ 
mination,  which  would  require  significant  visual  effort. 

5.  CONCLUSION 


After  calculation  of  the  parameters  for  other  links 
by  formula  (4)  we  can  find  the  decision  dose  of  voltage 
oscillations  as: 

4 

V  =  X  ^yi  +  2  -^*12  +  *13  +  *14  +  *23  +  *24  +  *34  >  ^ 

/=^1 

H(  =  0.028  {%f. 

The  second  way  corresponds  to  the  problem  of  the 
second  type.  As  the  dose  has  the  largest  value  at  steady 
state  conditions,  we  will  use  formulas  (8)  with  the  as¬ 
sumption  that  7c  •  c  =  1  (%)^  s  . 

According  to  formula  (6),  the  inertial  link  with  pa¬ 
rameters  =0.954  5  and  =1.429  s  is  added  to 

the  filter.  In  this  case,  the  combined  system  will  be 
have  the  following  transfer  function: 


It  is  recommended  that  determination  of  the  process 
characteristics  after  linear  filtering  in  EMC  models  is 
done  using  “partial  reactions”  method,  which  unifies 
and  simplifies  the  calculations. 
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To  decrease  interferences  in  the  Mains  and  EKdC 
demands  accomplish  the  Power  Lines  RFI  Filters  are 
used.  For  these  Filters  design  it 's  necessary  to  know  the 
impedances  of  the  Mains  -  as  conductive 
electromagnetic  interference  (EL41)  receptor  -  and  of 
the  Power  Supply  Mains  terminals  -  as  EMI  source. 

Mains  impedance  may  be  considered  standard,  but 
Switched  Mode  Power  Supply  (SMPS)  impedance  -  is  a 
problem! 

The  methodic  of  Power  Supply  Mains  terminal 
impedance  simulation  taking  into  account  non-linear 
nature  of  SMPS  as  EMI  source  is  suggested. 

In  the  paper  the  methodology  of  RFI -Filters 
designing  is  suggested  to  provide  filters  synthesis  for 
given  SMPS,  subject  to  rated  and  parasitic  component 's 
parameters. 

1.  INTRODUCTION 

EMC  Directive  86/339  EEC  introduction  forces 
engineers  to  take  measures  on  EMC  accompli  siting. 
RFI-filters  are  tlie  most  effective  means  of  EMI 
suppression  are  RFI-filters.  All  filters  cliaracteristics  in 
reference  books  are  given  for  fixed  impedances  -  50  Q 
-  for  tile  EMI  source  and  receptor.  However,  if  it’s 
possible  to  agree  with  such  receptor  impedance,  but  for 
the  EMI  source  it  isn’t  correct. 

Nowadays  switched  mode  power  supplies  are  tlie 
most  widespread  EMI  sources.  Conductive  EMI, 
produced  by  SMPS,  exceed  normative  levels  essentially. 

RFI-filters  design  is  complicated  by  frequency 
dependence  of  impedance  of  SMPS  as  viewed  from  the 
Mains  terminals.  Moreover,  filters’  attenuation  is 
influenced  by  the  components’  parasitic  parameters 
because  of  high  frequency  range  -  from  tens  kilohertz 
to  ones  gigahertz.  Therefore  tlie  process  of  designing  of 
RFI-filters  with  predicted  attenuation  for  specific  SMPS 
is  rather  difficult. 

Principle  characteristics  of  the  SMPS  Mains  RFI- 
filters  design  and  simulation  are  considered  in  [1...3], 
but  problem  remains  actual. 


For  correct  RFI-filters  design  it’s  necessary  to  take 
into  account  tlie  internal  input  impedances  of  SMPS  as 
tlie  EMI  source  and  Mains  as  tlie  interferences  receptor. 

Usually  Mains  is  simulated  as  an  equivalent  voltage 
source  with  Line  Impedance  Stabilization  Network 
(LISN),  so  tlie  problem  consists  in  SPMS  input 
impedance  simulation.  Tlie  autliors  suggest  the 
conception  of  the  system  “Mains  -  RFI-filter  -  SMPS” 
simulation  which  gives  possibility  to  design  the  filter 
properly. 

The  system  “Mains  -  RFI-filter  -  SMPS”  must  be 
simulated  as  linear-parametric  circuit  where  the  internal 
resistances  of  the  active  switching  components  are  the 
parameters  [4]. 

The  model  of  the  system  is  presented  as  number  of 
an  equivalent  circuits  wliich  topology  is  defined  by  the 
processes  of  active  components  switcliing. 

Analysis  in  time  domain  is  based  on  tlie  Laplace 
transform  and  modified  method  of  fitting.  Tlien  the 
amplitude-frequency  characteristics  (AFC)  of  the 
solution  nuatrix  elements  are  calculated  and  tlieir  forms 
are  taken  as  die  criterion  of  EMC  accomplishing.  For 
tlie  first  time  tliis  procedure  is  carried  out  for  the  SMPS 
only,  tlien  RFI-filter  is  taken  into  account. 

New  meanings  of  the  solution  matrix  elements  are 
calculated  in  according  with  tlie  modification  method 
[5]: 

[  Y„,  (P)]-'  =  [  Y„.,  (p)]-'  -  g[A]  /  (1  +  g^),  (1) 

where  m  -  number  of  the  modification  of  the 
solution  matrix;  g  -  conductivity;  ^  -  mutual  derivative, 
which  is  calculated  on  (m-1)  modification  of  the 
solution  matrix: 

where  a,  b  -  numbers  of  tlie  nodes  of  conductivity  g 
connection;  [  Anvi  ]  -  matrix  of  increment: 

[A]  =  [^.ol*[U]> 

[  [(Zal  -Zbi)(Za2-Zb2)  ...  (Z^n  ”  Zfan)], 

(  ^oz  ]  “  [(Zja  ■"  Z]b)  (  Z2a  “  Z2b) . (Z^a  ~  Z,ib)]  > 

n  -  order  of  matrix  T  -  the  symbol  of 

transposition;  all  zij  are  the  elements  of  [Y^.i  ]"^ . 
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Suggested  method  of  simulation  makes  it  possible 
to  design  the  RFI-filter  and  to  accomplish  EMC 
demands  in  the  system  “Mains  -  Filter  -SMPS”. 

2.  SYNTHESIS  OF  RFI-FILTERS 

The  procedure  of  SMPS  Mains  RFI-filters  synthesis 
may  be  represented  by  next  algoritlun. 

1.  To  calculate  current  i’(t)  and  voltage  u‘(t) 
meanings  in  SMPS  Mains  input  (Fig.l)  taking  into 
account  Mains  internal  impedance  as  tliat  of  linear 
stabilization  network  (LISl^. 

Here  the  model  of  SMPS  presentation  is 
important.  As  it  was  shown  in  [4,5],  it’s  expediently 
to  use  parametrical  SMPS  model  with  linearization 
in  time  intervals.  This  one  allows  to  reflect  the 
process  of  EMI  generation  caused  by  active  SMPS 
components  switching. 


An  example  of  tlie  model  of  SMPS  on  the  basis  of 
switched  mode  voltage  regulator  is  presented  in 
Fig.  2, a,  where  the  regular  components  parameters 
are  taken  into  account  only.  Tlie  changing 
parameter  is  SMPS  switches  internal  resistance  Rsw 
(Fig.  2,b). 


Fig.2 


To  calculate  currents  and  volages  it’s  used  inodificated 
method  of  filling  [5]. 

2.  To  find  Fourier  -  images  of  i^‘^(t) ,  u^*^(t) .  With 
this  purpose  it’s  possible  to  use  one  of  tlie  well-known 
programs  -  for  example,  Matltcad  or  Matldab.  Tlien  the 


ratio  U^'^(j(B)/I^'^(jco)  =  Z^'’(jcD)  gives  input 
impedance  of  SMPS. 

3.  To  put  into  tlte  model  (Fig.  1)  RFI-filter  with 
prescribed  meanings  of  L  and  C  (Fig.  3, a)  and  calculate 
voltage  drop  U|„^(co)  across  LISN  active  resistor  R1 


(Fig-  3,b) 

SMPS 


a) 


b) 


Fig.  3 

If  tliis  voltage  level  is  more  then  limited  normative  one, 
parameters  of  RFI-filter  components  must  be  clianged. 

4.  To  calculate  new  meanings  u^^^(t),i^^^(t)  in  the 

circuit  (Fig.  4)  and  to  find  Z^^^(jo))  =  U^^^(j(o)/I^^^(jo>) 
-  new  condition  for  RFI-filtcr  calculation. 


Fig.  4 


5.  To  calculate  new  parameters  of  RFI-filter  elements 
on  tlie  basis  of  model  (Fig.  3)  with  new  meanings  of 
current  and  voltage. 

6.  To  check  the  interference  voltage  level  on  R1  once 
more. 

Thus  llie  procedure  of  RFI-filter  design  taking  into 
account  internal  SMPS  impedance  as  viewed  from  tlic 
Mains  tenninals  is  iterative:  if  the  iteration  coverges,  Uie 
designing  is  over.  Otherwise  it’s  necessai^  to  change 
filter’s  circuit.  It  should  be  noted,  tliat  RFI-filter 
introduction  in  tlie  circuit  (Fig.  3)  may  results  in  EMI 
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increasing  -  tliis  is  explained  by  parametrical  cliaracter 
ofSMPS. 

As  an  example,  let  us  examine  model  (Fig.  5).  When 
the  switch  SW  is  opening,  current  i  ^  can’t  be  changed 
abruptly  in  the  moment  of  commutation. 

MAINS 


Fig.  5 


Tlierefore  current  in  tlie  system  «Mains-Filter- 
SMPS»  is  the  same  as  before  the  commutation  moment, 
i.e.  5-pulse  of  the  voltage  is  arised.  So  the  filter  is  tlte 
source  of  additional  interferences.  Tlie  situation 
becomes  much  more  complicated  when  parasitic 
parameters  of  the  filter  components  are  taking  into 

account.  Tliey  form  tlie  ways  of  6-pulses  propagation  to 
the  Mains. 


3 .  CRITERION  OF  EMC  ACCOMPLISHING 

The  procedure  of  Mains  RFI-fi Iters  design  may  be 
simplified  essentially:  it’s  possible  to  evaluate  the 
influence  of  the  filter’s  and  Mains’  parameters 
tliroughout  tlie  designing  of  filter  directly.  Such  a 
possibility  the  modifications  method  [5,6]  gives. 

It’s  based  on  division  of  complicated  circuit  on 
subnetworks  by  breaking  of  the  conductances  -  links. 
This  is  resulted  in  transfonnation  of  the  matrix  of  nodal 

admittances  [Y(p)]  and  it’s  reverse  matrix  [Y(p)]“^  to 
the  block-diagonal  form.  Step-by-step  «growing»  of  the 
breaking  links  results  in  forming  of  the  matrix  of 
analysed  circuit  (1). 

Modifications  metliod  gives  the  possibility  of 
evaluation  of  every  parasitic  parameter  influence  after 
calculation  of  the  matrix  (1)  in  frequency  domain  at  the 
steady-state  process  analysis: 

[Y.O)]-'  =  [Y„.,(jco)]-'  (2) 

where  is  the  initial  reverse  matrix  on  tlie 

frequency  (O-  of  imaginary  component  of  the  pole. 

It  is  obvious  that  changing  of  the  meanings  of  the 
matrix  [Yj„]”*  elements  to  a  great  extent  is  possible 

only  when  the  coefficient  is  clianged 

sufficiently.  Consequently,  those  meanings  of  Cp^^. , 

tliat  result  in  sharp  variation  of  tliis  coefficient,  affect 
the  matrix’s  elements  appreciably.  Tlius,  making  the 
denominator  of  tliis  coefficient  approach  to  zero,  it’s 


possible  to  calculate  so-called  critical  meaning  of 
parasitic  parameters: 

jcOiC,r=l/?.  (3) 

Degree  of  approximation  of  amplitude  -  frequency 
chamcteristics  of  tlie  matrix  [Y^]”^  elements  to  the 
initial  ones,  wliich  are  calculated  witliout  parasitic 
parameters,  is  interpreted  as  indirect  criterion  of  EMC: 
reduction  of  AFC  results  in  EMI  decreasing. 
Interconnection  between  AFC  of  the  elements  of 
solution  matrix  (a,  c,  e)  and  process  in  time  domain  (b, 
d,  f)  is  illustrated  in  Fig.  6. 

Indirect  criterion  of  EMC  makes  it  possible  to  take 
into  account  interferences,  dealt  with  6-pulses 
propagation:  if  AFC  of  matrix  elements  have  no  '‘direct 
component”,  6-pulses  in  time  domain  are  absent. 


Fig.  6 


4.  REALIZATION  OF  ALGORITHM  OF  RFI- 
FILTERS  DESIGN 

Methodics  of  RFI-filters  design  allowing  Mains  and 
SMPS  properties  consists  of  three  principal  blocks: 

1.  Time  domain  analysis  of  initial  SMPS  to  check  it’s 
correspondence  to  the  specification  demands: 
formation  of  SMPS  models  in  time  intervals  of 
linearization  without  parasitic  parameters; 
formation  of  the  nodal  conductivities  matrixes  and 
matrixes  of  nodal  capacitances; 
formation  of  the  solution  matrixes; 
calculation  of  initial  AFC  of  the  solution  matrixes 
elements; 

transition  from  a  transform  of  the  solution  matrixes 
elements  to  the  original  time  functions; 
substitution  of  time  intervals  duration  and 
calculation  of  matrixes  of  coefficients; 
calculations  of  steady  state  nodal  voltages; 
calculation  of  SMPS  characteristics; 
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2.  Frequency  domain  analysis  to  take  EMC  demands 
into  account  on  indirect  EMC  criterion: 

change  of  SMPS  models  by  introduction  of 
parasitic  parameters; 

determination  of  influencing  parasitic  parameters; 
calculation  of  the  critical  meanings  of  parasitic 
parameters; 

calculation  of  the  solution  matrixes  elements  taking 
into  account  influencing  parasitic  paraineters; 
calculation  of  real  AFC  of  tlie  solution  matrixes 
elements; 

checking  of  correspondence  of  initial  and  real  AFC 
on  indirect  criterion; 

changing  of  SMPS  models  by  introduction  EMI 
suppression  means  (RFI-filters); 

3.  Time  domain  analysis  of  the  system  “Mains  -  RFI- 
filters  “  SMPS”  to  check  the  propriety  of  the  design 
procedure: 

calculation  of  steady  -  state  nodal  voltages; 

-  calculation  of  SMPS  characteristics; 

Filter’s  circuit  witli  parasitic  parameters  and  it’s  model 
for  asymmetrical  interferences  in  accordance  with  [7] 
are  shown  in  Fig.  7,  a,  b. 


a) 


a) 


Fig.  8 

5.  CONCLUSION 


Cu  8pF  Ct,  1  pF  12  PF 


b) 

Fig.  7 


Frequency  response  of  the  filter’s  attenuation  is 
represented  in  Fig.  8,  a.  Frequencies  of  extremums  are 
conditioned  by  rated  and  parasitic  parameters  of  the 
filter  (fo:  LI,  L3,  C2;  f,:  L3,  Cls*,  fz:  LI,  L3,  Cu,  Cl3, 
L2,  Cl,  C2;  f3:  LI,  Cu;  f^:  L2,  Lc2,  Lea,  La,  Cl,  C2;  fj: 
L2,  Cl,  C2;  fs:  Cl2»  Lc3,  La). 


Variation  of  tliis  frequency  response  at  clianging  of 
tlie  parameter  which  is  modelling  filter’s  capacitance 
“input-ouput”  is  shown  in  Fig.  8  b.  Results  obtained 
show  influence  of  the  filter’s  constniction  on  filter’s 
attenuation. 


Metodology  of  Mains  RFI-filters  design  in  the 
system  “Mains  -  Filter  -  SMPS”  has  been  described, 
which  has  applied  to  rational  choice  of  means  of  EMC 
ensuring.  Tlie  principle  advantage  of  the  metliodology 
suggested  is  correct  consideration  of  Mains  terminals 
SMPS  impedance.  It  is  also  shown  joint  influence  of 
rated  and  parasitic  filter’s  parameters  on  filter’s 
attenuation.  It’s  hoped  to  be  able  to  exploit  the  results 
and  methodics  described  to  ftirtlier  improvement  of 
RFI-filters  design  procedure. 
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This  paper  presents  a  review  of  waveguide  compo¬ 
nents  with  respect  to  their  inherented  features  having 
crucial  influence  to  the  spurious  and  out-of-band  emis¬ 
sion  of  communication  systems  in  the  broad  frequency 
range.  Problems  of  mode  conversion,  stop  band  per¬ 
formance,  interchannel  isolation  and  other  factors  that 
define  EMC  characteristics  considered  with  extensive 
use  of  proven  rigorous  modelling  approach  -  mode 
matching  technique  (MMT)  and  generalized  S-matrix 
formulation. 

Experimental  verification  was  conducted  using  mod¬ 
ern  precise  CNC-machined  waveguide  components. 
Considerable  number  of  experimental  plots  presented 
and  discussed  in  order  to  illustrate  and  verify  all  theoret¬ 
ical  results,  so  component  of  every  type  is  sufficiently 
characterised  from  the  point  of  view  of  iVs  EMC  per¬ 
formance. 

1.  MODELLING  APPROACH 
1.1.  Spurious  response 

ITU  Recommendations  define  spurious  emission  of 
radio-relay  system  as  emission  on  a  frequency  or 
frequencies,  which  are  outside  the  necessary  bandwidth 
and  the  level  of  which  may  be  reduced  without  affecting 
the  corresponding  transmission  of  information  [1].  Since 
the  impact  of  passive  RF  network  on  the  overall  spu¬ 
rious  emission  Is  crucial,  investigation  of  spurious 
frequency  response  of  waveguide  components  become 
of  great  interest.  As  far  as  EMC  regulations  consider 
typical  interference  scenario  as  a  whole,  including  all 
possible  passes  to  a  victim,  complete  prediction  of  spu¬ 
rious  and  out-of  band  radiations  ultimately  require  rig¬ 
orous  analysis  of  passive  waveguide  components  con¬ 
figured  into  a  network  dedicated  to  particular  purpose. 
Multimode  nature  of  EM  fields  create  multiple  virtual 
channels  associated  with  particular  propagating  or 
evanescent  modes,  actually  converting  2-port  devices 
into  multiport  ones  providing  additional  passes  for  inter¬ 
ference.  Example  of  such  network  might  be  RF  front 
end  of  digital  radio-relay  system.  Including  waveguide 
transitions,  bends,  filters  and  diplexer,  connecting 
receiver,  transmitter  and  antenna  Into  a  single  system. 
RF  specification  and  EMC  properties  of  the  front  end 
actually  define  the  EMC  specification  for  the  entire 
system. 


1.2.  Rigorous  3D  EM  simulation 

Rigorous  3D  EM  simulation  of  waveguide  compo¬ 
nents  has  been  performed  to  investigate  out-of-band 
and  spurious  response.  Based  on  the  MMT  approach, 
the  simulation  takes  into  account  step  discontinuities 
including  E-plane  and  H-plane  steps,  coupling  irises 
having  finite  wall  thickness,  symmetrical  and  asymme¬ 
trical  waveguide  junctions,  distinctly  overmoded  regions 
with  higher  order  mode  conversion  and  mode  inter¬ 
action  between  all  discontinuities  as  well  as  effects  of 
polarization  conversion.  Simulation  models  for  compo¬ 
nents  can  be  built  by  decomposition  of  complex  wave¬ 
guide  structures  Into  basic  key  building  blocks.  Fig.  1 
shows  two  types  of  key  building  blocks  suitable  for  this 
purposes  and  allowing  to  cover  broad  variety  of  compo¬ 
nents. 


a)  bj 


Fig.  1.  Two-port  (a)  and  three-port  (b)  building  blocks 


These  are  two-port  junction  (fig.  la)  and  generalized 
three-port  junction  (fig.  1b)  formed  by  rectangular  wave¬ 
guides  of  arbitrary  dimensions.  Modal  analysis  of  such 
junctions  presented  in  the  literature  [2],  Electromagnetic 
fields  on  either  side  of  the  bifurcation  are  treated  as 
superposition  of  waveguide  eigen  modes.  Application  of 
the  conditions  of  continuity  to  the  fields  at  the  interface 
results  in  a  system  of  integral  equations  which  can  be 
converted  to  a  system  of  linear  algebraic  equations 
using  method  of  Galerkin,  yielding  generalized  S-matrix 
of  the  building  block.  Generalized  S-matrices  of  building 
blocks  computed  and  stored  and  later  used  for  junction- 
by-junction  assembly  of  entire  complex  waveguide 
structure  [3].  Unlike  traditional  design  and  analysis 
methods  this  technique  allows  accurate  prediction  of 
spurious  response. 
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2.  WAVEGUIDE  TRANSITION 


The  waveguide  transition  shown  in  Fig.  2  is  desig¬ 
ned  to  match  standard  WR112  waveguide  to  a  square 
waveguide  28.5x28.5  mm  covering  7-10  GHz. 


AM.' 


Fig.  2.  Waveguide  transition  and  its  multimode 
response  in  2:1  frequency  range 

The  input  port,  as  it  supposed  to  be,  supports  the  only 
propagating  mode  TEio.  As  far  as  cross-section  of  the 
transition  is  gradually  increasing  towards  the  square 
one,  the  output  port  supports  already  three  propagation 
modes:  TEio,  TEn,  TMn.  In  general,  transition  having 
rectangular  cross  section  and  arbitrary  profile  in  z  direc¬ 
tion  would  generate  all  possible  modes.  If  only  modes 
having  fc  below  or  equal  to  40GHz  to  be  considered, 
then  port  1  would  get  42  modes  (up  to  TM42  having  fc  = 
39.526  GHz),  and  port  2  would  get  88  modes  (up  to 
TM27  having  fc  =  38.441  GHz),  causing  multimode  exci¬ 
tation  of  the  output  waveguide  within  the  entire  pass- 
band,  as  well  as  generation  of  depolarised  wave,  since 
Hoi  mode  has  fc  =  5.2632  GHz  in  the  port  2  region. 
Meanwhile,  in  most  practical  cases  it  is  desirable  to 
maintain  single  mode  operation.  Fortunately,  there  is  a 
possibility  to  suppress  considerable  part  of  the  higher 
modes  effectively  using  well-known  properties  of  sym¬ 
metry.  Evaluating  the  expressions  for  coupling  coeffi¬ 
cients,  describing  coupling  between  Hmn,  Emn.  modes  in 
each  building  block,  ifs  possible  to  see  that  for 
structures  having  E-plane  symmetry  all  coupling  coeffi¬ 
cients  for  odd  numbers  n  =  1.  3,  ...  become  zero 
indicating  that  modes  Hmn.  Emn,  having  m  =  1.2,3... 
won't  be  present.  Furthermore,  as  far  as  this  transition 
has  constant  dimension  a,  coupling  coefficients  for  all 
modes  having  m  =  0,  2,  3,  4,...  become  equal  to  zero 
and  only  waves  H10.  Hin.  Em,  n  =  2.  4.  6...  will  be 
present  Tablel  shows  modal  content  of  EM  fields  in  the 
regions  of  input  and  output  ports.  Fig.  2  shows  reflec¬ 
tion  and  mode  conversion  effects.  Reflection  coefficient 
|Sii|  of  dominant  mode  at  the  input  port  is  shown  by 
solid  line.  Mode  conversion  is  characterised  by  coeffi¬ 
cients  IS21I  for  several  different  modes  (dashed  line  for 
Hi2,  dotted  line  for  E12,  dash  dot  for  Hm.  o-mark  for  Em) 
obtained  in  assumption  that  input  port  is  excited  by  only 
dominant  H10  mode  (0  dB  level).  Plotted  values  of  mode 
conversion  coefficients  for  modes  under  cut-off  show 
relative  amplitudes  of  evanescent  modes  in  the  refer 


ence  plane  located  at  the  output  port  of  the  transition. 
The  first  higher  mode  for  this  type  of  structure  (E12)  is 
the  most  pronounced  one  and  become  propagating  over 
11.8  GHz  with  amplitude  more  than  -20  dB. 


Table  1 


Region 

Mode 

Cut-Off 

frequency,  GHz 

Port  1 

H10 

5.2632 

Hi2,  Ei2 

24.347 

Port  2 

H10 

5.2632 

Hi2,  Ei2 

11.802 

Hi4,  Ei4 

21.772 

Hi6,  Ei6 

32.124 

3.  WAVEGUIDE  BEND  IN  E-PLANE 


Geometry  of  the  waveguide  bend  is  shown  In  Fig.  3. 
This  structure  is  designed  for  WR62  waveguide  and 
supposed  to  be  transparent  in  the  vicinity  of  15GHz  with 
reflection  loss  below  20  dB  within  14.75  -  15.25  GHz. 
Table  2  shows  modal  content  of  electromagnetic  field  at 
the  transition  ports.  Elgenmodes  with  cut-off  frequen¬ 
cies  up  to  50  GHz  presented  in  the  table.  Both  ports  are 
identical,  dimension  a  of  the  waveguide  is  changed 
inside  the  bended  section  forming  step  in  H-pIane. 
Since  the  step  is  symmetrical  in  H-plane  it  suppresses 
eigenmodes  having  even  numbers  m  =  0,  2,  4,  ...  As 
far  as  no  symmetry  in  the  E-plane,  full  range  of  n 
values  to  be  considered:  n  =  0,  1,  2,  3....  Fig.  3  shows 
plotted  values  of  reflection  |Sii|  (diamonds  for  calcula¬ 
ted  and  solid  line  for  experimental  results),  as  well  as 
mode  conversion  coefficients  IS21I  for  Hu  (dashed  line) 

,  Eli  (dotted  line). 
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Fig.  3.  Waveguide  bend  in  E-plane  and  it’s  multimode 
response 


Since  the  cross-sections  of  both  two  ports  of  this  struc¬ 
ture  are  Identical,  no  other  propagating  modes  appear, 
and  amplitudes  of  evanescent  modes  depend  on  the 
position  of  reference  plane  regarding  to  output  port. 
Close  proximity  to  the  output  port  (short  regular  wave¬ 
guide  section  attached  to  the  port)  may  cause  quite  sig¬ 
nificant  values  of  evanescent  modes  couple  to  the  next 
following  component  in  the  network. 
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Table  2 


Region 

Mode 

Cut-off 

frequency,  GHz 

Hio 

9.4937 

LiJ 

X 

21.228 

H30 

28.481 

Port  1,2 

H31,  E31 

34.23 

Hi2,  Ei2 

39.143 

Hso 

47.468 

H32,  £32 

47.468 

4.  LOW  PASS  FILTER 

Fig.  4  shows  geometry  and  performance  of  the  low 
pass  filter  (LPF)  designed  for  suppressing  the  second 
harmonic  response  of  the  HPA.  This  typical  application 
requires  low  loss  in  the  pass  band  and  high  attenuation 
in  the  stop  band,  as  well  as  high  power  handling  capa¬ 
bility.  High  frequency  performance  is  prone  to  spuri- 
ouses  causing  deterioration  of  stop  band  and  conse¬ 
quent  degradation  of  overall  system  performance.  For 
this  particular  example  the  spec  is  as  following:  pass 
band  5.6  -  6.4  GHz,  stop  band  11.2  -  12.8  GHz,  stop 
band  attenuation  greater  than  60  dB  is  required  (see 
Fig.  4b  for  measured  performance). 


a)  b) 


This  structure  is  designed  for.  standard  WR137  wave¬ 
guide  using  Ahiezer-Zolotarev  prototype  as  an  Initial 
point  for  direct  CAD  optimisation.  Both  Input  ports  are 
identical,  dimension  a  may  be  slightly  changed  inside 
filter  In  order  to  fine-tune  exact  stop  band  location,  but 
in  this  particular  example  it’s  constant.  As  far  as  no 
symmetry  in  the  E-plane  observed,  modal  structure  is 
quite  similar  to  the  one  for  E-plane  waveguide  bend, 
with  pronounced  TMin  part  of  the  modal  content.  Com¬ 
puted  values  of  |Sii|  and  |S2i|  for  dominant  mode 
shown  in  Fig.  4a  (dashed  and  dash-dot  lines  respecti¬ 
vely;  measured  performance  is  plotted  with  bold  solid 
lines).  Fig.  4b  presents  only  experimental  plot  measured 
in  3:1  frequency  range.  It  shows  complicated  spurious 
response.  Intensive  conversion  of  dominant  mode  into 
Eii  occurs  Immediately  as  En  become  propagating 
causing  two  different  things:  converted  energy  passes 
the  filters  in  the  form  of  En  propagating  wave;  con 


verted  energy  reflects  from  the  input  port  causing  strong 
reflected  wave  almost  entirely  of  En  content.  Reflection 
of  dominant  mode  In  this  point  is  considerably  lower 
since  it  is  almost  completely  consumed  while  converting 
into  other  modes.  Due  to  wide  frequency  range  (3:1)  it's 
impossible  to  use  standard  calibrations  kit  for  WR137. 
Alternatively,  calibration  using  coaxial  cal  kit  allows  to 
cover  frequency  range  but  affected  by  waveguide  adap¬ 
ters  response.  So  far,  the  accuracy  of  measurements 
significantly  degraded  and  measured  results  may  be 
used  just  as  Indicative  ones.  Computed  results  presen¬ 
ted  in  Fig.  5  allow  to  see  much  more  detailed  picture. 
Following  values  shown  in  Fig.  5:  reflection  |Sii|  (depic¬ 
ted  by  diamonds)  and  insertion  loss  |S2i|  (squares)  for 
dominant  mode,  as  well  as  mode  conversion  coeffi¬ 
cients  |S2i|  for  Hii  (dashed  line),  En  (bold  dots),  and 
for  Ei2  (dash-dot  line).  Normalized  amplitude  of  reflec¬ 
ted  Eii  is  depicted  by  dotted  line. 


LOO  IU(l»/RP.F0dn 


Fig.  5.  Spurious  response  of  LPF  in  3:1  frequency  range 


Reduced  reflection  of  dominant  mode  occurs  in  the 
vicinity  of  10.6  GHz,  (as  measured)  and  accompanied 
with  high  level  of  reflected  En  propagating  backwards 
(from  the  input  port  to  generator),  as  well  as  pro¬ 
nounced  En  content  of  forward  propagating  wave  after 
the  filter. 

5.  BAND  PASS  FILTER 

Direct  coupled  waveguide  band  pass  filter  (BPF) 
was  analysed.  Geometry  of  this  structure  is  shown  in 
Fig.  6.  Filter  is  formed  by  six  resonators  coupled 
through  the  inductive  irises.  The  structure  has 
symmetry  in  the  H-plane,  so  only  odd  indexes  m  =  1,  3, 
5,  7...  to  be  taken.  Since  no  changes  occur  along  the  Y- 
axis,  there  is  no  mode  conversion  and  unique  index  n  = 
0  to  be  taken.  These  symmetry  features  allow  great 
reduction  in  computation  time  since  only  few  modes 
supported  by  the  structure.  The  filter  is  designed  for  23 
GHz  band  using  Chebyshev  prototype  as  an  initial  point 
for  direct  CAD  optimisation,  with  actual  spec  as 
following:  pass  band  23.24  -•  23.44  GHz,  rejection  at 
22.2  GHz  is  70dB. 
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Fig.  6.  stop  band  performance  of  BPF 


Fig.  8.  Stop  band  performance  of  tuned  diplexer 


Fig.  6  shows  plotted  values  of  Insertion  loss  |S2i|  for 
dominant  mode  (dash-dot  line  for  calculated  and  solid 
line  for  experimental  results),  as  well  as  mode  con¬ 
version  coefficients  |S2i|  for  TE30  (diamonds),  TE50 
(stars)  showing  normalized  amplitudes  of  the  first  two 
higher  modes  as  they  appear  at  the  output  port. 


This  result  achieved  with  BPF  like  the  one  discussed 
above.  Appropriate  stop  band  characteristics  are  very 
similar  except  the  second  band  at  high  frequency  end  is 
somewhat  suppressed.  As  shown  above,  E-plane  bends 
have  modal  structure  very  similar  to  a  LPF,  causing 
additional  attenuation  at  the  high  frequency  end. 


6.  DIPLEXER 

Two  band  pass  filters  coupled  to  a  common  port 
constitute  a  diplexer,  Diplexer  configuration  shown  in 
Fig.  7  is  typical  for  RF  front-end  design  of  microwave 
radio. 


Fig.  7.  Stop  band  performance  of  diplexer 


Diplexer’s  operation  and  design  approach  were  pub¬ 
lished  in  [4].  Here  we'd  rather  be  interested  to  illustrate 
the  influential  factors  affecting  its  spurious  response. 
The  structure  of  eigenmodes  is  obviously  very  much 
defined  by  band  pass  filters  with  the  addition  of  the 
common  port  coupling  section  and  waveguide  bends,  if 
included,  Fig.  7  shows  measured  stop  band  response  of 
the  23  GHz  diplexer. 


Following  comparison  shows  that  slight  changes  in  a 
symmetry  order  might  crush  the  stop  band  perform¬ 
ance.  Fig.  8  shows  high  frequency  response  of  a 
diplexer  designed  to  that  same  specification  and  using 
that  same  structural  configuration.  The  only  difference: 
it's  tuned  using  E-plane  tuning  screws  inserted  In  the 
middle  of  each  resonator.  Tuning  screws  enrich  the 
eigenmode  structure  of  BPF  causing  significant  degra¬ 
dation  of  stop  band  performance. 

7.  POWER  COMBINER  /  DIVIDER 

Geometry  of  the  3-dB  H-plane  power  combiner/divi¬ 
der  is  shown  in  Fig.  9.  It’s  designed  for  Ku-band  satcom 
applications  to  a  following  specification:  frequency  band 
14.0  -  14.5  GHz,  two  way  equal  coupling:  3.01  dB, 
Insertion  loss  0.15  dB.  Return  loss  20  dB  min.  This 
structure  doesn't  introduce  changes  in  the  waveguide’s 
b  dimension  yielding  reduced  and  simplified  mode 
structure  shown  in  Table  3. 


Table  3 


Region 

Mode 

Cut-off 

frequency,  GHz 

Ports  1-4 

H10 

7.8947 

H20 

15.789 

Cavity 

H10 

2.5283 

H20 

5.0565 

H30 

7.5848 

H40 

1.0113 

Hso 

12.641 

Heo 

15.17 

H70 

17.698 

Eigenmodes  with  cut-off  frequencies  up  to  20  GHz  pre¬ 
sented  in  the  table.  Table  depicts  eigenmodes  for  two 
regions  of  the  structure:  the  Input  port  region  and  com¬ 
mon  internal  cavity  of  the  combiner. 
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Fig.  9.  Pass  band  performance  of  S-dB  combiner 

Fig.  9  shows  in-band  performance  of  the  combiner. 
Measured  reflection  |Sii|  and  insertion  loss  |S2i|  for 
dominant  mode  plotted  by  solid  lines  while  theoretical 
response  Is  shown  by  dash-dot  and  dotted  lines  respec¬ 
tively.  Spurious  response  is  presented  in  Fig.  10.  It  was 
measured  for  frequency  range  13-20  GHz  and  plotted 
(solid  line).  As  discussed,  measured  data  cannot  be 
used  for  quantitative  comparison  but  rather  as  an  indi¬ 
cation. 


Fig.  10.  Spurious  response  of  3-dB  combiner 


Theoretical  results  presented  in  Fig.  10  showing  IS21I  for 
dominant  mode  (bold  dots),  and  the  first  two  higher 
modes:  H20  (dotted  line)  and  H30  (line  with  stars)  in  the 
assumption  of  a  single  mode  excitation  of  the  input 
port. 

8.  CONCLUSIONS 

Review  of  the  spurious  performance  of  several  com¬ 
monly  used  waveguide  components  was  done  using 


MMT-based  full-wave  modelling  and  experimental 
investigation.  Symmetry  of  the  waveguide  structure  is 
the  main  feature  influencing  the  spurious  response  of 
the  component.  For  given  electrical  dimensions  struc¬ 
tures  having  higher  order  of  symmetry  get  less  number 
of  eigenmodes.  Their  spurious  response  Is  more  corre¬ 
lated  with  the  dominant  mode  response.  Structures 
having  lower  order  of  symmetry  tend  to  show  much 
more  complicated  spurious  response  with  more  pro¬ 
nounced  mode  conversion  effects. 

Measuring  of  actual  spurious  performance  is  complica¬ 
ted  by  difficulties  of  performing  calibration  in  a  very 
broad  frequency  range  and  for  higher  modes  at  the 
ports  of  Vector  Network  Analyser. 

Practical  difficulties  in  experimental  investigation  of 
spurious  response  make  theoretical  prediction  increas¬ 
ingly  valuable. 

Reduction  in  number  of  eigenmodes  leads  to  significant 
increase  in  the  efficiency  and  accuracy  of  computation, 
actually  allowing  use  of  personal  computers  for  accu¬ 
rate  MMT  modelling  of  spurious  performance. 

Specification  for  passive  components  is  usually  written 
for  dominant  mode  only.  Multiple  examples  considered 
above  show  it  is  not  sufficient  for  controlling  spurious 
response. 
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ABSTRACT 

The  aim  of  this  paper  is  to  present  an 
experimental  method  to  obtain  a  wide  frequency 
range  equivalent  circuit  of  two  windings 
transformer.  Presented  method  allows  to 
determinate  especially  stray  capacitance  of  wound 
components.  A  developed  equivalent  circuit 
consists  of  among  others  ten  capacitance  which 
represents  an  electrostatic  interaction  between  the 
windings  and  other  elements  of  transformer 
electrically  connected  with  earth.  An  experimental 
verification  of  the  calculated  levels  of  the 
attenuation  of  transformer  for  the  voltages  and 
currents  of  EMI  is  also  presented. 

Key  words: 

electromagnetic  compatibility  EMC, 
electromagnetic  interference  (EMI), 
conducted  emission,  transformers 


1.  INTRODUCTION. 

The  operation  of  electrical  and  electronic 
equipment  usually  is  accompanied  by  effects  of 
generation  of  electromagnetic  interference.  This 
interference  includes: 

•  symmetrical  voltage  and  current 
components, 

•  unsymmetrical  voltage  and  current 
components, 

•  electrical  field  components, 

•  magnetic  field  components. 

Interference  can  make  a  bad  Influence  on  other 

equipment’s  which  are  operated  In  the  same 
electromagnetic  environment.  The  strength  of  this 
bad  influence  depends  on  many  parameters 
associated  with  every  elements  which  are  taking 
part  In  this  Interaction  between  the  source  of 
interference  and  the  influenced  receiver.  We  can 


distinguish  same  general  features  which  are 
determining  this  Interaction. 

This  parameters  are: 

•  level  of  emmissivity  of  the  source  of 
interference, 

•  the  quality  of  propagation  between  the 
source  and  the  receiver, 

•  level  of  the  susceptibility  of  the  influenced 
receiver  of  interference. 

There  are  two  different  kind  of  ways  of 
interference  propagation: 

•  by  symmetrical  and  unsymmetrical 
components  of  the  voltages  and  currents 
existing  in  electrical  circuits  (  conducted 
RFi). 

•  by  electrical  and  magnetic  field 
components  (radiated  RFI). 

The  electric  power  system  Is  the  main  way  for 
transmitting  symmetrical  and  unsymmetrical 
components  of  conducted  interference.  In  the 
electric  power  system  there  are  many 
transformers  which  are  taking  part  in  Interference 
propagation.  This  paper  will  be  present  a  method 
how  to  find  out  parameters  of  two  winding 
transformers  which  is  useful  for  calculating  the 
attenuation  level  of  transformers  for  conducted 
EMI. 


2.  A  LUMPED  COMPONENT  EQUIVALENT 
CIRCUIT  OF  TWO  WINDING  TRANSFORMERS. 

In  Fig.  1.  are  shown  two  different  kind  of 
couplings  existing  in  real  transformers.  This 
coupling  exist  between  the  primary  winding, 
secondary  winding  and  also  between  each  winding 
and  earth. 
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Fig.  1.  Electrical  and  magnetic  coupling  existing  in 
transformers, 

A  -  B  primary  winding, 

C  -  D  secondary  winding. 

Proposed  lumped  component  equivalent  circuit 
is  shown  in  Fig.  2.  This  equivalent  circuit  includes 
ten  lumped  capacitance  which  represents 
electrical  couplings  and  magnetic  coupling  (tj,  k). 


Fig,  2.  Equivalent  circuit  of  two  windings 
transformer  used  to  calculate  wide  range 
frequency  characteristic. 

Cab,  Ccd  -  stray  capacitance  of  primary  and 
secondary  windings, 

Cam.  Cbm,  Ccm.  C^m  -  stray  capacitance  between 
windings  and  ground, 

Cad,  Cbd,  Cac,  Cbc  -  Inter  winding  stray 
capacitance, 

Ui,  U2  -  primary  and  secondary  symmetrical 
voltage. 

U3,  U4  -  primary  and  secondary  unsymmetrical 
voltage. 

3.  A  METHOD  OF  DETERMINATION  THE 
LUMPED  PARAMETERS  OF  THE  EQUIVALENT 
CIRCUIT. 

To  determinate  stray  capacitance  is  enough  to 
measure  wide  range  frequency  characteristics  of 
transformer  with  additional  wire  connection 
between  windings  ports  A.  B,  C,  D  and  ground.  In 
Fig.  3.  are  shown  six  different  primary  and 
secondary  windings  connection. 


Fig,  3.  Connection  between  windings  used  for 
measurement  impedance  characteristics. 


For  connection  BMD,  BMC,  AMC,  AMD  it  is 
possible  to  measure  open  circuit  impedance 
characteristic  ZOC  and  short  circuit  impedance 
characteristic  ZSC.  For  calculating  all  capacitance 
we  have  to  measure  additionally  two  more 
characteristic  for  connection  ABM/CD  and 
AB/CDM.  These  all-additional  connections  allow 
eliminating  some  of  the  capacitance  and  make 
easier  to  determinate  the  other  ones.  The  reduced 
by  the  additional  inter-windings  connection  model 
is  much  simpler  (Fig.  4.). 


Fig.  4.  Circuit  model  of  transformer  for  the 
connection  type  AMD. 


For  the  reduced  transformer  we  can  measure 
four  different  impedance  characteristics: 

Zz(f)  -  primary  Impedance  characteristic  with  the 
secondary  windings  short  circuit, 

Zo(f)  -  primary  impedance  characteristic  with  the 
secondary  windings  open, 

ZZ(f)  -  secondary  impedance  characteristic  with 
the  primary  windings  short  circuit, 

Zo’(0  -  secondary  impedance  characteristic  with 
the  primary  windings  open. 

In  the  reduced  model  (Fig.  4.)  we  can 
distinguish  four  different  resonance  circuits  which 
are  clearly  noticeable  on  the  measured  impedance 
characteristic  (Fig.  5.).  By  the  analysing  the 
resonance  circuits  and  the  measured 
characteristics  It  is  possible  to  determinate  the 
tree  strays  capacitance  existing  in  the  reduced 
model.  The  values  of  all  capacitance  of  the  full 
transformer  model  are  possible  to  calculated 
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based  on  the  analysis  of  the  math  relation 
between  the  all  equivalent  capacitance  determined 
in  all  configuration  of  the  different  reduced  models. 
Results  of  measuring  ten  different  impedance 
characteristic  allows  to  calculate  ten  lumped 
capacitance  by  analysing  resonance 
frequencles.Comparison  between  real  measured 
impedance  characteristics  and  calculated  by  using 
presented  equivalent  circuit  are  shown  in  Fig.  5. 


Fig.  5.  An  example  of  Zoc  and  Zsc  impedance 
characteristic  for  AMD  connection  of  transformer. 


4.  AN  EXPERIMENTAL  VERIFICATION  OF 
CALCULATED  EMI  ATTENUATION  LEVELS. 

Based  on  the  evaluated  high  frequency  circuit 
model  of  transformers  it  is  possible  to  calculate 
the  attenuation  of  transformer  for  EMI  (voltages 
and  currents).  The  block  diagram  of  the  evaluated 
experimental  models  for  EMI  currents  and 
voltages  Is  presented  in  Fig.  6  and  7. 


Fig.  6.  Evaluated  experimental  model  for  EMI 
voltages  attenuation  measurement. 


Fig. 7.  Evaluated  experimental  model  for  EMI 
currents  attenuation  measurement. 


The  calculated  and  measured  attenuation 
characteristic  of  evaluated  transformer  for  EMI 
currents  and  voltages  is  presented  in  Fig.  8  and 
Fig.  9. 


.010  ,10  1.0  10.0  100,0 

Fig. 8.  Calculated  and  measured  transformer 
attenuation  (EMI  voltages). 


z  20 


,10  1,0 

FREQUENCY  [MHz] 


10.0 


Fig. 9.  Calculated  and  measured  transformer 
attenuation  (EMI  currents). 


5.  CONCLUSION 

Presented  equivalent  circuit  is  accurate  enough 
to  calculate  wide  frequency  range  current  and 
voltage  characteristics  of  transformers.  Presented 
method  allows  to  recognise  EMI  propagation 
process  in  transformer  and  predict  the 
suppression  level.  This  equivalent  circuit  is  also 
useful  for  studying  Interwinding  capacitive  currents 
and  their  influence  on  the  final  EM!  suppression 
frequency  characteristic  of  transformers.  The 
attenuation  level  of  transformers  for  conducted 
EMI  depends  on  the  stray  capacitance  of  the 
windings  existing  in  real  transformer.  This 
capacitance  determinate  the  resonance 
frequencies  existing  in  transformer  which  have  the 
main  influence  on  the  EMI  propagation. 
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Radiowave  propagation  distances  to  100... 200  km 
are  most  important  for  EMC  now.  Diffraction  factor  is 
dominant  on  this  distances.  The  paper  proposes  new 
heuristic  Logarithmic-CelTSimulation  computer  me- 
thod  for  multiple-knife-edge  diffraction  loss  estima¬ 
tion  on  such  distances.  It  realized  compare  of  results 
by  this  method  and  experimental  results.  Method 
provides  quality  which  is  better  then  quality  of 
analytic  methods. 

1,  INTRODUCTION 


Some  years  ago  distances  of  radio  interference 
propagation  in  many  hundreds  of  kilometers  was 
actual.  Modern  situation  characterizes  by  extremely 
growth  of  mobile  and  fixed  telecommunications 
services.  The  density  of  such  services  grows  too. 
Then,  distances  of  radio  interference  propagation  to 
100... 200  kilometers  became  the  most  important.  But 
diffraction  factor  is  a  dominant  one  on  this  distances. 
Creation  of  new  precise  methods  of  diffraction  loss 
calculation  is  actual.  Now  we  can  see  two  group  of 
such  methods.  The  first  one  is  a  group  of  analytic 
methods,  for  example  Deygout's  method  [1]  or  ITU-R 
Recommendation  [2].  Tlie  second  group  includes 
numerical  methods  of  computer  simulation,  which  are 
described  in  [3],  The  first  group  uses  theoretical 
approximations  of  obstacles,  then  the  precision  of 
calculations  is  not  very  good.  The  second  group  can 
give  good  precision,  but  in  limited  distances.  The 
reason  of  this  situation  is  the  limitations  on  computer 
memory  and  processor’s  speed.  For  example,  we  want 
to  use  Transmission  Line  Matrix  Method  (TLM)  [3] 
for  propagation  path  with  distance  100  km,  height  2 
km  and  wavelength  0.1m.  We  need  some  means  of 
electromagnetic  field  strength  and  information  on 
properties  of  space  in  every  cell  of  space.  (Cell  is 
wavelength  on  wavelength).  For  example,  we  need  20 
bytes  for  information  on  cell.  Volume  of  the  computer 
memory  will  be: 


100000[m] 

0.1[mP 


2000(ni]  ,, 

"b.l[ml  ■20[bytel  =  4-10“[bytel, 


which  is  impossible  now. 

This  paper  propose  new  Logarithmic  -  Cell- 
Simulation  Method  (LCSM)  which  includes  features 
of  the  first  and  the  second  group. 

2.  MAIN  FEATURES  OF  THE  LCSM 

We  used  process  which  is  similar  as  wave 
propagation.  Process  is  in  the  2-D  working  space  (WS) 
consisting  of  square  cells.  There  are  two  kinds  of  cell. 
The  first  kind  consists  of  cells,  the  condition  of  which 
can  be  change.  Such  cell  can  be  in  three  conditions: 
"active",  "not  active"  and  "occupied".  Every  cell  has  8 
cell-neighbors.  On  every  step  of  process  we  use 
following  rules: 

1.  Cell  is  not  active.  The  cell  becomes  active,  if  it 
has  3,4,5  or  6  active  cell-neighbors.  It  remains  not 
active  in  other  events. 

2.  Cell  is  active.  It  remains  active,  if  it  has  3,4,5, or 
6  active  cell-neighbors  and  it  becomes  occupied  in 
other  events. 

3.  Cell  is  occupied.  It  remains  occupied  in  every 
events. 

The  second  kind  of  cells  includes  ones,  which  can 
not  be  change.  Such  cells  need  for  absorbing  border  of 
WS  and  absorbing  obstacles  formation.  They  are 
always  "occupied". 

Initial  WS  has  absorbing  border  and  obstacles. 
There  is  cross  of  active  cells  -  see  view  of  WS  on 
Fig.  1.  Other  cells  are  not  active. 

There  are  cells  of  "transmitter"  (it  is  center  of 
cross)  and  "receiver".  At  the  first  step  of  process, 
accordance  to  rules  1-3,  cells-neighbors  of  cross 
become  active.  At  the  second  step  cells-neighbors  of 
new  active  cells  become  active,  and  cells  of  cross 
become  occupied  and  so  on. 

If  we  start  process,  active  cells  and  occupied  ones 
begin  to  cover  WS  from  step  to  step,  as  it  shown  on 
Fig.  2.  When  the  cell  of  receiver  becomes  active 
process  stops. 

Process  is  similar  as  radio-ware  propagation  with 
diffraction.  We  can  use  it  for  computer  simulation. 
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The  task  is  to  create  analytic  dependencies  and 
algorithm  of  this  heuristic  method. 


Absorbing  border 


Fig.l.  View  of  WS 


Transmitter  Obstacl  Receiver 


Fig.2.  View  of  process  on  WS 

3.  ALGORITM  OF  THE  LCSM 

Research  of  proposed  above  process  helped  us  to 
create  LCSM  and  its  algoritlmi. 

We  can  define  radiowave  propagation  loss  L  for 
isotropic  loss-free  antennas  in  dB  as 


(  h  I  h  A-D3 

H  =  (4) 

where:  a,  b,  h  are  parameters  of  obstacle  from 
Fig.l; 

A,  B,  H  are  representations  of  a,  b,  h  on  WS; 

X  is  wavelength; 

ki,  k2,  k3  and  D3  are  any  constants. 


Fig.3.  Event  with  one  obstacle  and  its  representation 
on  WS 

Obvious, 

F«T-To,  (5) 

where  T  is  period  (in  steps)  from  the  beginning  of 
the  process  on  WS  to  moment  of  activation  of  receiver 
cell  (Fig.  1,2)  on  path  with  obstacle  (obstacles); 

To  is  a  period  (in  steps)  from  the  beginning  of  the 
process  on  WS  to  moment  of  activation  of  receiver  cell 
without  obstacles  on  the  path  ( i.e.  "free  space"). 

When  we  use  heuristic  constants  from  Table  1 : 


L=Lo+F,  (1) 

where  Lo  is  free  space  loss  (dB),  F  is  an  additional 
factor  (dB).  Our  task  was  to  estimate  factor  F  by 
LCSM. 

3.1,  Diffraction  on  one  obstacle. 


where  Fl  is  estimation  of  factor  F  by  LCSM  in  dB. 
The  mean  of  T  we  can  get  by  computer  simulation  of 
the  propagation  process  on  WS.  The  name 
"logarithmic"  in  LCSM  appeared  from  formulas  (1-3). 


Event  with  one  obstacle  and  its  representation  on 
WS  are  shown  on  Fig.3. 

Parameters: 

A  =  K,  log[K2j+^K2j+lj;  (2) 
A  +  B  =  K,  log[K2 ^+l];  (3) 


Table  1 


K, 

K2 

Ka 

Da 

2 

50 

2.1 

104 

a 

Limitations  are:  —  >  10; 

h 


b 

*“  >  10;  a  >  b. 
h 
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They  are  normal  in  practice.  When  a<b,  we  have 
to  exchange  the  places  of  transmitter  and  receiver. 
Results  of  computer  simulation  showed  a  very  good 
agreement  with  Fresnel  formula  for  knife-edge 
obstacle  [4]  and  its  approximations  [2,  5]. 

3.2.  Diffraction  on  multiple  (two  or  more)  obstacles 

Event  with  two  or  more  knife-edge  obstacles 
needs  to  prepare  WS  accordance  with  following  main 
algorithm  (see  Fig.4). 

1 .  Prepare  the  profile  of  path. 

2.  Find  two  main  obstacles. 

3.  Find  another  obstacles. 

4.  Group  obstacles  in  the  first  group  near  first 
main  obstacle. 

5.  Group  obstacles  in  tire  second  group  near 
second  main  obstacle. 

6.  Represent  the  second  group  on  WS  with 
accordance  to  formulas  (2-4). 

7.  Represent  the  first  group  on  WS  with 
accordance  to  formulas  (2-4)  with  assumption 
transmitter  and  receiver  place  exchange. 

8.  Correct  a  representation  of  a  distance  between 
main  obstacles. 

9.  Build  a  screen  between  main  obstacles. 


We  can  see  an  example  of  WS  preparation  on  Fig. 
4.  The  real  path  is  shown  on  a  top.  We  can  see  3 
obstacles  Ma  and  M3  with  heights  hi,  ha  and  ha. 
Distances  are  ai,  aa,  as  and  aj.  We  define  Mi  and  Ma 
as  main  obstacles  and  M3  as  another  one.  The  first 


group  includes  Mi  ,  the  second  group  includes  Ma  and 
M3.  We  represent  Ma  on  WS  (second  group)  with 
accidence  to  formulas  (2-4),  where  a=ai+aa,  b^as+aj, 
h=ha,  A=Ai+A2,  A+B=Ai+A2+A3+A4.  We  represent 
M3  on  WS  (second  group),  where  a=  ai+  aa+as ,  b=a4, 
h=h3,  A=  Ai+  Aa  +A3.  We  represent  Mi  on  WS  (first 
group),  where  a=aa+a3+  a4 ,  b=ai,  h=hi,  A=A2+A3+A4. 
Distance  between  main  obstacles  on  WS  has  to  be: 

C  =  K,log(K2^),  (7) 

where  c  is  a  distance  between  main  obstacles.  Here 
c  =  aa. 

We  have  to  change  Aa  on  C, 

Screen  is  need  to  separate  group  of  obstacles, 
because  a  shadows  of  them  are  not  the  same,  as  in  real 
linear  (non-logarithmic)  space.  Here  shadow  has  a  45° 
behind  the  obstacle.  And  there  can  not  be  the 
propagation  straight  from  Mi  to  Maon  WS.  The  height 
of  screen  Hs  is  defined  by  the  point  of  shadows  cross- 
see  Fig.  4,  At  first  we  calculate  Hsi  as  point  of 
shadows  cross.  If  Hsi  <0  then  we  correct  it.  For  two 
obstacles  Hs  =  -Hsi.  for  rnore  then  two  ones  Hs=  0. 

Configuration  of  WS  fully  define  the  character  of 
process.  Then  we  begin  process  step  by  step,  and  can 
have  T  and  Fl  (16)  when  process  achieves  the  point  of 
receiver. 

4.  COMPARISON  WITH  MEASURED  RESULTS 

For  comparison  with  measured  results  we  use  some 
paths  with  multiple-knife-edge  obstacles.  Results  of 
comparison  are  in  Table  2,  where  Fd  is  a  loss 
factor,  which  was  calculated  by  Deygouf  s  method  [1], 
Fe  is  a  experimentally  measured  loss  factor.  Nm  is 
amount  of  obstacles,  The  range  of  NmIs  2-5,  the  range 
of  X  is  0,032-14.6  m. 

The  average  means  m(FD-  Fe)  and  root-mean- 
square  a(FD-  Fe),  a(FD-  Fg)  are  in  Table  3.  We  can 
see,  that  LCSM  have  the  same  or  better  quality,  which 
allows  practically  applications. 

5.CONCLUSIONS 

1.  For  multiple-knife-edge  diffraction  LCSM  has 
the  same  or  better  quality  of  loss  estimation  than 
analytic  methods.  So  we  can  use  LCSM  for  estimation 
level  of  interference  for  distances  to  100.. .200  km. 

2.  We  can  calculate  diffraction  loss  of  all  paths  on 
modern  computers,  because  we  use  logarithmic 
representation.  Then  WS  is  not  large.  It  does  not  need 
large  computer  memory  and  time  of  processing. 
Really,  WS  volume  in  computer  memory  was  not 
larger  then  256  KB. 

3.  LCSM  gives  possibility  to  develop  this  method  in 
directions  of  taking  into  account  the  shape  of 
obstacles,  absorbing  and  reflection  properties  of 
the  ground  and  so  on. 
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Table  2 


N 

Reference 

Nm 

X,  m 

Fd’Fe, 

dB 

Fl-Fe, 

dB 

1 

[6LFig.l, 
path  8 

5 

3.88 

-4.2 

2.4 

2 

[6],  Fig.l, 
path  24 

5 

6.03 

11.7 

-3.5 

3 

[6],Fig.l, 
path  36 

4 

3.88 

7 

-4.9 

4 

[7], 

Fig.l 

3 

0.36 

-13 

1.4 

5 

[7], 

Fig.2 

4 

0.36 

2.8 

-4.3 

6 

[1]. 

Fig.  10 

2 

0.162 

0.5 

4.8 

7 

[1]. 

Fig.l] 

2 

0.167 

1 

1.4 

8 

[1]. 

Fig.  12 

2 

0.167 

-2 

-0.6 

9 

[1]. 

Fig.  13 

3 

0.162 

0.5 

-AA 

10 

[1], 

Fig.  14 

5 

0.167 

-3 

5.3 

11 

[1]> 

Fig.  15 

2 

1.875 

-0.5 

-4.0 

12 

[1]. 

Fig.  16 

2 

0.122 

-3 

3.2 

13 

[1]. 

Fig.  17 

2 

0.122 

0.5 

1.3 

14 

[IL 

Fig.  18 

2 

0.122 

1.5 

7.6 

15 

[1]. 

Fig.  19 

2 

0.122  I 

5 

-1.6 

16 

[8], 

Fig.  4.1 

3 

1.44 

1 

4 

-9.6 

17 

[% 

Fig.  34  a) 

3 

14.6 

-5.3 

-7.0 

18 

[9] 

Fig. 35  a) 

3 

14.6 

-11.7 

-1.3 

19 

[9].  Fig. 

36  b) 

2 

10.7 

-7.3 

-0.2 

20 

[10],  Fig. 
3,b=I0in 

2 

0.032 

6.2 

0.1 

21 

[10],  Fig. 

;  3,b=30m 

2 

0.032 

4.4 

-3.2 

22 

[10],  Fig. 
3,b=60m 

2 

0.032 

5.3 

-6.1 

23 

[11]. 
path  9 

3 

6.03 

4.5 

2.2 

24 

[11]. 
path  13 

3 

3,88 

-2 

4.6 

Table  3 


Nm 

m(FD-FB), 

dB 

m(Fi,-FE), 

dB 

<t(Fd-Fe), 

dB 

o(Fl-Fe). 

dB 

2 

0.97 

0.23 

4.25 

3.9 

>2 

-1.89 

-1.59 

3.64 

3.61 

Total 

-0.46 

-0.68 

5.67 

4.23 
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This  paper  deals  with  the  mathematical  model  of  the 
multiport  broadband  matching  problem  and  results  of 
frequency-domain  and  pulse  simulation  of  matched 
antenna  array.  It  is  used  a  complex  normalized 
scattering  matrix  for  multiport  network  connection.  The 
power  parameters  are  based  on  the  singular  expansion 
of  the  multiport  scattering  matrices  and  may  be  used  for 
the  matching  network  optimization  and  EMC  time- 
frequency  analysis  of  antenna  array. 


1.  INTRODUCTION 

The  EMC  problem  of  phased  antenna  arrays  are 
closely  connected  with  antenna  broadband  matching 
problems  and  an  analysis  of  time  and  frequency-domain 
power  and  propagation  characteristics.  The  solution  of 
this  problern  may  be  earned  out  by  use  of  the  scattering 
matrices  normalized  to  complex  impedance's  [1,2]. 

This  paper  presents  the  mathematical  model  and 
results  of  frequency-domain  and  pulse  simulation  of 
matched  antenna  array.  The  power  parameters  based  on 
eigenvalues  of  the  dissipation  matrices  of  the  antenna 
array  are  introduced.  These  parameters  allow  to  estimate 
the  power  transmitter  properties,  as  well  as  the  radiation 
directivity  of  the  antenna  arrays  without  and  with  opti¬ 
mal  broadband  antenna  matching  networks. 


2.  SCATTERING  MATRICES  OF  DOUBLE-SIDE 
AND  CASCADE  CONNECTION  OF  MULTIPORTS 

Complex  incident  and  reflected  waves  and  block 
relations  of  the  scattering  matrix  Sa/  of  double-side 
multiport  network  normalized  to  separate  complex  inter¬ 
nal  source  impedance's  and  for  ports"a’'  and  "P" 
are  given  by  [3,4]  (Fig.l,a): 

^a,p  ~  ^a,p  ^a,p  ^a,p  5 

20„.p=U„,p-z;,pI„,p, 


'K 

Saa 

Sap' 

a^ 

_Spa 

Spp_ 

wnere  p  and  1^^  p  -voltage  and  current  vectors;  R^ 
real  parts  of  diagonal  matrix  of  impedance’s 
superscript  (*)  denotes  the  complex  conjugate  value. 
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Fig.l .  Complex  normalization  of  scattering  matri 
of  double-side  «-port. 

For  reciprocal  coupling  network  N : 

®aa  ’  ^aP^Pa 


c 

~aa  ^aa  >  ^pp  "^pp  ?  ^ap  ^pa 

and  for  lossless  network  scattering  matrix  S//  is  uni 

S;.S;=1, 

superscript  (+)  denotes  the  hermit  conjugate  value. 

The  scattering  matrix  of  the  coupling  netwi 
connected  with  impedance  matrix  Za/  by  : 

where  =ReZQ,  Z^  =  {z^^^Zp} -diagonal  mat 
impedance's  (Fig.l).  For  one-side  excitation  (a p=  I 
K  =  Saa^a .  bp  =  Sp^a^ ,  a„  =  0.5R”-^E„  . 


Fig.2.  Cascade  connection  of  multiport  networks. 
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For  the  cascade  connection  of  multiport  networks 
(Fig.2)  broadband  matching  problem  is  synthesis  of 
optimal  coupling  network  N  for  a  maximization  of  the 
total  average  power  absorbed  by  «-port  antenna  in  the 
given  frequency  band.  In  this  case  complex  incident  and 
reflected  waves  for  ports  "p"  are  connected  by  the 
scattering  matrix  of  the  given  n-port  antenna  : 

bp-  incident,  Hp  -  reflected  waves  for  antenna;  S^- 
scattering  matrix  of  w-port  antenna,  normalized  to 
diagonal  matrix  of  complex  conjugate  impedance's  Zp  : 

S,=V(Z,-ZpXZ,4-z;)-'R“".  (8) 

Then  the  total  scattering  matrix  of  the  cascade 
connection  of  multiport  networks  is  given  by  : 

S  =  S„„+S„pS,(l-SppSJ-’Sp„.  (9) 

The  total  normalized  average  power  absorbed  by  the 
whole  multiport  network  (Fig.2)  for  the  given  excitation 
vector  is  given  by  Rayleigh  ratio  [3,4]: 

P  _a;(l-S"S)a,_a:Da,^ 

■^max 

where  D  =  1““S‘^S  -  dissipation  matrix  of  whole  net¬ 
work.  It  is  hermetian  matrix  D  =  and  unitary  similar 


to  diagonal  positive  real  matrix  of  its  eigenvalues  : 


D  =  v{rf,}v",  VV"=1,  (11) 

where  V  -  complex  unitary  matrix  (called  the  modal)  of 
the  eigenvectors  of  the  matrix  D  . 

It  is  known,  that  the  Rayleigh  ratio  has  stationary 
values  equal  to  the  eigenvalues  of  the  corresponding 
hermetian  matrix;  this  means  that  the  normalized  total 
average  power  is  limited  by  the  minimum  and 

the  maximum  eigenvalues  of  the  dissipation  matrix  : 

^min  ~  ®  ^  ^ a  ^  ^max 

and  then  the  optimization  and  the  matching  problem  is 
synthesis  of  2n-port  optimal  coupling  network  for  maxi¬ 
mization  of  the  minimum  or  maximum  eigenvalues  of 
the  dissipation  matrix  D  at  the  given  frequency  band. 

There  are  very  kinds  of  solutions  of  this  task;  in  this 
paper  it  is  used  one  of  these  -  synthesis  of  2«-port 
coupling  network  as  n  two-port  optimal  broadband 
matching  networks  for  given  excitation  vector  a  ^  . 

Before  the  eigenvalues  the  main  power  parameters  of 
the  multiport  broadband  matched  antenna  array  are  : 

-  partial  antenna  input  impedance's  z^^and  partial 


traveling-wave  ratio : 


^Ai  ^p/  ^"^p/  *  ^Ai 


P'  'Trim  _  ^  ^  ^ aA 


^Ai^hi 


1+  I  S  Ai 


;(13) 


-  an  equivalent  traveling-wave  ratio  : 


^ekv  I 


twr  =  —  '  ■*" 


-eq 


(14) 


-  an  antenna  directivity 

D„,„=\e,„fr^/60P,,„  (15) 

-  and  an  equivalent  isotropic  radiated  power  (EIRP) 
of  the  antenna  array: 

Ref  ant  ~  Rant  ant  ■  ( ^ 

The  introduced  power  parameters  are  used  for  the 
computer  simulation  of  broadband  matched  antenna 
array. 


3.  POWER  PARAMETERS  OF  BROADBAND 
MATCHED  ANTENNA  ARRAY 

Consider  the  power  parameters  of  8-port  linear  ante¬ 
nna  array  without  and  with  optimal  broadband  lossless 
matching  networks  to  operate  as  a  base  station  of  system 
GSM  in  frequency  band  890-960  MHz  (Fig.3).  Let  a 
length  of  radiators  equal  to  13cm.,  a  diameter  -  5mm., 
a  length  of  the  array  -  70cm,  distance  to  reflector  -  8cm; 
the  reflector  consists  of  46  grounded  monopoles. 


Fig.3.  Structure  of  broadband  matched  antenna  array. 


In  this  paper,  a  computer  simulation  of  time  and  fre¬ 
quency-domain  characteristics  of  this  antenna  array  for 
given  8  excitation  amplifiers  (1 W  every)  is  carried  out. 

The  computation  method  is  based  on  the  frequency- 
domain  mixed-potential  electric  field  integrals  combined 
with  the  method  of  moments  for  a  polynomial  approxi¬ 
mation  of  the  current  distribution  in  all  elements  of  the 
antenna  array  [5].  It  has  be  taken  into  account  also 
a  radiation  of  distributed  and  „luniped”  elements  of  the 
optimum  matching  device  for  the  given  array.  The  infiu- 
ence  of  array  radiation  and  the  mutual  coupling  between 
array’s  elements  is  taken  into  account  automatically 
during  of  the  integral  equation  formulation. 


611 


Partial  input  impedance's  and  corresponding  TWR 
characteristics  (13)  for  in-phase  excitation  of  the  antenna 
arrays  are  shown  in  Fig.4,5.  We  see  that  input  impe¬ 
dance’s  are  similar.  The  1st  and  8th  dipoles  (external) 
have  the  most  change  of  the  input  impedance:  a  resistan¬ 
ce  about  250Q  and  a  reactance  about  -150Q  in  frequen¬ 
cy  band.  For  others  dipoles  average  values  amounts:  the 
resistance  about  200Q  and  the  reactance  about  -lOOn. 


Za,C1 


Fig,4.  Partial  impedance  of  input  ports  antenna  array. 
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Fig.  5.  TWR  characteristics  of  antenna  array. 
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Fig. 6.  Eigenvalues  characteristics  of  antenna  array. 


Partial  and  equivalent  (14)  TWR  characteristics  in 
Fig.5  have  values  about  0.2  in  the  given  frequency  band. 
It’s  mean  that  the  almost  half  of  delivered  power  to 
antenna  array  without  of  the  broadband  matching  is 
reflected  back  to  generators  (see  (14),  Fig.9). 

Eigenvalues  characteristics  of  the  dissipation  matrix 
(11)  of  the  antenna  array  without  of  the  broadband 
matching  are  presented  in  Fig,  6.  We  see  that  the  highest 
eigenvalues  has  values  about  0.6  and  the  smallest  it  - 
about  0.  It’s  means  that  the  normalized  total  average 
power  is  limited  by  these  values  (see  formula  12,  Fig.9). 

Optimal  matching  networks  have  been  synthesized 
for  the  partial  impedance’s  (Fig.4)  of  the  antenna  array 
(four  pair  networks  because  of  an  array  symmetry, 
Fig.3).  They  are  2nd  order  Fano  matching  circuits  syn¬ 
thesized  by  use  of  a  program  DIASP  realizing  conjugate 
gradient  methods  [6].  Characteristics  of  TWR,  power 
and  eigenvalues  become  improved  after  include  of  the 
matching  networks  between  dipoles  and  generators. 

These  characteristics  with  optimal  broadband  match¬ 
ing  are  presented  in  Fig.7,8,9.  As  evident  from  Fig.7 
TWR  values  are  situated  between  0.9  and  1 .0  in  given 
frequency  band;  values  of  TWR  are  raised  as  compared 
with  characteristics  without  of  matching  network. 


TWR 


Fig.7.  TWR  characteristics  with  matching  network. 
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Fig.  8.  Eigenvalues  characteristics  with  matching 
networks. 
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The  eigenvalues  characteristic  of  the  dissipation  mat¬ 
rix  of  the  cascade  connection  of  the  eight  matching  net¬ 
works  with  given  antenna  array  (11)  (Fig.3)  are  present¬ 
ed  in  Fig.8.  We  can  see  that  eigenvalues  characteristics 
raised  too,  as  compared  with  the  characteristics  without 
matching  networks.  The  three  highest  eigenvalues  are 
almost  the  same  and  nearly  equal  1.  It’s  mean  that  we 
can  achieve  the  total  normalized  average  power  absorb¬ 
ed  by  the  whole  multiport  network  in  the  given  frequen¬ 
cy  band  nearly  equal  1  too  by  use  of  corresponding 
excitation  eigenvector.  Detail  analysis  shows  that  an  in- 
phase  excitation  vector  corresponds  to  the  maximum 
eigenvalue  of  the  dissipation  matrix  of  the  antenna 
an-ay.  It  is  remind  that  optimal  matching  networks  are 
synthesized  really  for  the  in-phase  excitation  of  the 
antenna  array.  Then  for  the  lossless  matching  networks 
the  total  normalized  average  power  of  the  antenna  array 
is  equal  near  1  for  this  in-phase  excitation. 

Frequency  characteristic  of  the  total  average  power 
of  the  antenna  array  are  showed  in  Fig.9.  The  summary 
antenna  power  with  the  matching  networks  is  highest 
near  2  times  and  achieve  value  8*1W=8W  then  without 
its.  This  result  follows  directly  from  eigenvalues  chara¬ 
cteristics  (Fig.6,8  and  formula  12). 
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Fig.9.  Summation  power  characteristics  of  antenna  array 
without  (1)  and  with  matched  networks  (2). 
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Fig.  10.  EIRP  characteristics  without  (1)  and  with  (2) 
matching  networks. 


Fig.l  1  3D  radiation  pattern  of  antenna  array: 

a)  Cartesian  coordinates,  b)  spherical  coordinates. 

In  Fig.  10  it  is  shown  characteristics  of  the  equivalent 
isotropic  radiated  power  (EIRP)  of  the  antenna  array 
without  and  with  optimal  matching  networks  (16).  The 
antenna  directivity  (15)  is  equal  30  (~15dB)  and  value 
of  EIRP  achieves  240W  (!)  with  use  of  eight  amplifier 
IW  every.  This  is  a  consequence  of  the  optimal  mat¬ 
ching  of  the  antenna  array. 

3D  radiation  patterns  of  the  antenna  array  for  excita¬ 
tion  frequency  925MFIz  for  Cartesian  and  spherical 
coordinates  are  shown  in  Fig.l  1.  We  can  see  a  whole 
form  of  the  radiation  patterns  and  determine  a  side-  and 
back-lobe  levels;  a  main-lobe  beamwidth  is  near  20°. 


4.  PULSE  RADIATION  OF  ANTENNA  ARRAY 

Pulse  radiation  analysis  of  the  antenna  array  in  time- 
domain  is  executed.  The  radio-impulse  is  used  in  form 
of  a  rectangular  cosine  wave  on  frequency  925  MHz. 
The  period  of  the  pulses  is  100ns,  the  time  of  cosine 
wave  is  25ns.  The  analysis  is  carried  out  for  90°  eleva¬ 
tion  and  two  azimuth  directions:  90°  and  45°.  At  first  it 
was  computed  a  spectrum  of  the  radio  pulse,  next  it  was 
executed  a  product  of  the  radio  pulse  spectrum  and 
electromagnetic  field  intensity  at  the  given  azimuth 
direction.  Finally  an  inverse  Fourier  transform  was  cal¬ 
culated.  Results  are  shown  on  Fig.  12,  13. 
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Fig.  12,  Time-domain  response  for  radio  pulse,  90° 
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Fig.  13.  Time-domain  response  for  radio  pulse,  ^=45° 

For  90°  azimuth  direction  time-domain  pulse  enough 
precisely  corresponds  with  original  radio  pulse.  On  45° 
azimuth  direction  we  can  see  distortion  of  radio  pulse, 
especially  on  the  first  five  ns.  The  high  changes  of 
electromagnetic  pulse  intensity  on  this  direction  are 
reason  of  this  shape  of  the  pulse.  On  direction  main  lobe 
(azimuth  90°)  time-domain  field  pulse  has  very  high 
level  -  about  100 V/m;  for  direction  45°  field  pulse  level 
is  small  as  it  is  shown  on  Fig.  12,  13. 


5,  CONCLUSIONS 

This  paper  presents  two  aspects:  a  new  approach  to 
broadband  matching  of  phased  antenna  array;  time  -  and 
frequency-domain  power  and  radiation  characteristics  of 
matched  arrays.  The  proposed  power  parameters  are 
based  on  the  singular  expansion  of  the  dissipation  matrix 
of  the  antenna  array  and  a  whole  multiport  subsystem. 
They  may  be  used  for  the  matching  network  optimiza¬ 
tion  and  EMC  time-frequency  analysis  of  antenna  array. 

The  work  was  partially  supported  under  the  rector’s 
project  by  Technical  University  of  Bialystok. 
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An  extensive  set  of  measurements,  for  the  purpose  of 
mapping  of  the  satellite  EM-field  coverage  over  the 
Poland  was  done.  The  power  level  and  SNR  of  signals 
(beacon  and  communication  -  TVSat)  received  from  a 
few  satellites  (EUTELSAT,  ASTRA,  INTELSAT)  were 
monitored  and  collected  on  two  measuring  setups,  fixed 
-  situated  in  Wroclaw,  and  mobile  one  used  all  over  the 
Poland  territory.  Measuring  setups  are  fully  automatic, 
it  means  the  setup  control,  data  acquisition  and  storing 
are  controlled  by  PC  computer.  Trace  of  a  trip  and  a 
geographical  position  of  the  measuring  point  was 
determined  by  GPS  navigational  terminal.  The 
measured  power  levels  are  compared  with  EIRP 
footprints  published  by  satellite  system  administrations. 
Obtained  results  of  SNR  ratio  permit  to  qualify  the 
satellite  television  signals  reception,  especially  that 
which  are  well  popular  in  the  Poland. 

1.  INTRODUCTION 

During  the  last  decade  there  was  a  tremendous  increase 
in  the  number  of  satellite  communication  users  in 
Poland.  Most  popular  satellite  service  became  direct  - 
satellite-television  (DBS),  other  -  satellite  navigation 
GPS,  many  VSAT  system  clients,  and  recently  global 
telephony  via  IRIDIUM  or  GLOBALRSTAR  satellite 
systems.  The  field  strength  specifications  associated 
with  modern  communications  devices  are  steadily 
approaching  the  limits  of  radio  design  capabilities. 
Consequently,  there  is  a  demand  for  radio  test  engineers 
to  measure  field  strength  performance  of  increasingly 
higher  accuracy.  Information  available  on  common 
market,  concerning  most  satellites  are  insufficient  for 
systems  designer.  The  World  Satellite  Almanac  does  not 
guarantee  that  the  values  expressed  therein  will 
necessarily  correspond  to  performance  levels  found  in 
the  field.  So,  more  data  have  been  still  needed  to 
characterize  the  propagation  impairments  for  satellite 
systems  planning,  Broadcasting  by  satellites  leads  to 
propagation  considerations  that  are  not  entirely 
comparable  with  those  occurring  in  the  fixed-satellite 


service.  Attenuation  data  for  space-to-Earth  direction  arc 
needed  in  the  form  of  statistical  averages  and/or  contour 
maps  of  attenuation  and  depolarization  for  large  areas 
[1].  Specific  coordination  problems  may  arise  at  the 
margin  of  the  service  area  between  satellite  broadcasting 
systems  and  terrestrial  or  other  space  services  [2].  In  the 
case  of  space-to-Earth  paths  for  broadcasting  systems, 
several  propagation  effects  (e.g.  tropospheric  absorption, 
attenuation,  and  depolarization;  and  ionospheric 
scintillation  and  Faraday  rotation;  local  environmental 
effects,  including  attenuation  by  buildings  and 
vegetation)  may  require  consideration.  Each  of  these 
contributions  has  its  own  characteristics  as  a  function  of 
frequency,  geographic  location  and  elevation  angle. 

This  paper  discusses  some  of  these  effects  and  refers 
them  to  experimental  results  were  done. 

2.  TASK  AND  MEASUREMENTS  TO  BE 
PERFORMED 

The  object  of  the  monitoring  at  present  day  is  classified 
into  the  two  classes  of  geostationary  and  low  altitude 
satellites.  Considering  the  importance  in  space 
telecommunications,  geostationary  satellites  are  taken  as 
the  primary  object  of  monitoring.  In  principle,  the  tasks 
entrusted  to  radio  monitoring  station  for  space  services 
do  not  differ  from  those  of  teiTcstrial  radio  monitoring 
station.  However,  they  are  performed  under  dissimilar 
conditions,  which  result  from  the  fact  that  a  space 
station  revolves  as  a  satellite  of  the  Earth  and  a  basic 
knowledge  of  its  orbit  is  a  prerequisite  for  any 
observations  and  measurements.  The  functions  of  the 
radio  monitoring  station  for  space  services  can  be 
outlined  as  follows: 

•  regular  and  systematical  observation  of  the  radio- 
frequency  spectrum  with  the  aim  of  delecting  and 
identifying  space  station  emissions; 

•  determination  of  occupancy  and  percentage  use  of 
transponders; 

•  measurements  and  recording  of  the  characteristics 
of  space  station  emissions; 
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•  investigation  and  elimination  of  harmful 
interference  caused  by  space  stations,  if  appropriate, 
in  cooperation  with  terrestrial  and  other  space 
monitoring  stations; 

•  performance  of  measurements  and  recordings  in 
context  of  technical  and  scientific  projects. 

There  are  number  of  factors  in  providing  the  above- 
mentioned  capabilities  which  must  be  balanced  against 
cost,  frequency  coverage,  system  sensitivity,  antenna 
slewing  rate,  degree  of  sophistication  of  signal  analysis 
instrumentation,  and  degree  of  automation  of 
measurements. 

3.  EQUIPMENT  AND  FACILITY 

In  general,  as  in  more  conventional  monitoring 
surveillance,  equipment  for  monitoring  signals  from 
spacecraft  must  have  adequate  flexibility  to  cover  a  wide 
range  of  frequencies,  in  contrast  to  the  spot  frequency 
coverage  that  suffices  for  the  needs  of  research  or 
operating  space  agency.  The  location  of  the  monitoring 
station  should  be  such  that  interference  from  man-made 
signals  and  noise  is  at  a  minimum. 

A  highly  automated  and  sophisticated  satellite 
monitoring  system,  fully  steerable,  with  continuous 
frequency  coverage  across  the  11  to  12,. 5  GHz 
spectrum,  and  sensitive  enough  to  give  carrier-to-noise 
ratios  of  at  least  26  dB  on  all  signals  of  interest  was 
designed  [4]. 

3.1.  Antennas 

Primary  feed  parabolic  reflectors  of  1.8  m  and  1.3  m  in 
diameter  are  used  on  fixed  and  mobile  measuring  setups, 
respectively.  Because  of  quite  sharp  directivity  of  such 
high-gain  (44  dB)  antennas,  considerable  care  is 
required  in  acquiring  and  tracking  the  signals  from 
spacecraft.  Variations  in  the  polarization  of  the  received 
field  occur  owing  to  the  rotation  of  the  spacecraft  and  to 
effects  on  the  propagation  path  (Faraday  effect).  The 
orientation  of  the  polarization  plane  of  a  linearly 
polarized  signal  transmitted  by  a  geostationary  space 
station  relative  to  the  horizontal  plane  of  the  observation 
point  depends  on  the  geographical  location  of  the  latter 
relative  to  the  satellite.  The  antenna  can  be  pointed  in 
azimuth  within  the  limits  ±90°  and  in  elevation  within 
the  limits  0  -  90°,  roughly  to  start  with,  by  means  of  the 
antennas  manual  system. 

3.2.  Receiver 

For  economic  reasons  and  because  a  general  coverage 
receiver  is  required  at  monitoring  station,  the  extremely 
low  noise  figures  possible  for  fixed-frequency  receiver 
used  for  space  research  and  operational  purposes  are  not 
equaled  by  available  monitoring  receivers.  However,  the 
receiver  should  have  a  relatively  low  noise  figure  and  be 
capable  of  receiving  signals  in  the  order  of  a  few 
hundredths  of  microvolt  or  less  at  the  receiver  input. 
Receiver  should  have  a  wide  range  of  adjustable 
bandwidth  to  permit  reception  of  both  wide-band 
(communication  signals)  and  narrow-band  (beacon) 


transmission  from  spacecraft.  The  figure  of  merit  for 
measurement  apparatus  with  an  antenna  diameter  of  the 
order  1.8  m  may  attain  20  dB/K  at  frequency  of  1 1  GHz. 
The  sensitivity  of  such  an  earth  monitoring  station  is 
adequate  for  analyzing  the  emission  characteristics  of 
most  existing  and  notified  satellites. 

To  facilitate  “acquisition”  of  the  signal  from  spacecraft, 
it  is  desirable  to  be  able  to  sweep  a  narrow  band  of 
frequencies  automatically  and  to  record  the  received 
signals. 

A  block  diagram  of  a  small  earth  monitoring  station  is 
shown  in  Fig.  1. 


1-,  3-,  2-:  parabolic  dishes  of  INTELSAT  601  ,  602,  and 
ASTRA/EUTELSAT  (multi-beam  antenna)  receivers,  respectively;  4-, 
5-;  front-end  PLL  rcceivers/down-converters;  6  -  DC/HF-  coupler  [3] 


Fig.  1.  Block  diagram  of  the  satellite  monitoring 
systems:  a)  ground  station  situated  in  Wroclaw,  and  b) 
mobile  equipment 

Details  concerning  the  fixed  ground  station  are  available 
in  [3],[4],[5]. 

The  satellite-measuring  vehicle  breaks  new  ground  in 
mobile  monitoring  systems  [6].  At  last,  a  vehicle  is 
available  fully  equipped  with  both  self-energizing 
measuring  set-up  with  receiver,  computer,  antenna  and 
AC  power  supply  or  fly-away  single  reception  system 
capable  up  to  -60  dBW  of  EIRP  in  compliance  with  all 
satellite  system  regulations.  Mobile  measuring  set-up 
can  be  easily  transported  using  a  mini-van  or  limousine 
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car  and  can  be  rapidly  deployed  for  action  by  one 
operator.  Irrespective  of  location  and  conditions,  the 
collapsed  measuring  antenna  can  be  deployed  in  either 
vehicle  roof  mount  or  flyaway  ground  mount  situations. 

4.  SATELLITE  LINK  BUDGET 

Prior  to  the  establishment  of  a  satellite  link  an  essential 
preliminary  step  is  the  calculation  of  signal  levels  through 
the  system,  to  ensure  that  they  are  adequate  to  provide  the 
quality  of  service  required.  When  computing  link  budgets, 
account  must  be  taken  of  the  form  of  modulation  and 
coding  (if  used)  and  atmospheric/propagation  losses, 
which  are  dependent  on  the  frequencies,  as  these 
determine  service  availability  (i.e.  the  percentage  of  time 
that  the  link  provides  acceptable  service). 

The  system  signal-to-noise  performance  for  satellite 
receive  terminal  is  directly  related  to  the  carrier-to-noise 
power  ratio  (CNR)  defined  by  the  following  equation 

CNR=  EIRP-Lo-L„+G-lOlogkTB  (1) 

where  EIRP  [dBW]  is  isotropic  radiated  power 
transmitted  by  satellite,  Lo=(47cR/^)^  is  the  free-spacc 
loss,  R  is  the  propagation  path  length,  is  the  loss  due 
to  atmospheric  absorption,  G  is  a  gain  of  receive  antenna, 
and  last  component  represents  noise  introduced  by  the 
antenna,  LNB  and  system  components. 

For  the  sake  of  completeness,  the  preliminary  Ku-band 
propagation  effects  are  listed  below; 

1 .  Rain  attenuation.  Signal  attenuation  due  to  rain  is 
the  most  severe  propagation  effect  at  Ku-band.  This 
kind  of  loss  can  exceed  5  dB  for  small  percentages 
of  time. 

2.  Gaseous  absorption.  A  loss  close  to  1  dB  can  be 
associated  with  oxygen  and  water  vapour 
absorption. 

3.  Cloud  attenuation.  Clouds  attenuation  along  the 

propagation  path  can  attenuate  Ku-band 

frequencies.  Typical  values  are  in  order  of  1  dB  or 
more. 

The  rain  attenuation  is  the  dominant  effect  at  frequencies 
above  10  GHz.  As  attenuation  increases,  so  does  emission 
noise.  For  earth  stations  with  low-noise  front-ends,  this 
increase  of  noise  temperature  may  have  a  greater  impact 
on  the  resulting  CNR  ratio  than  attenuation  itself 
The  atmospheric  contribution  to  antenna  noise  in  a  ground 
station  may  be  estimated  with  the  equation 

Ts=T„(l-10‘-’"''®)  (2) 

Ts  is  a  sky-noise  temperature  as  seen  by  the  antenna,  Lm  is 
a  path  attenuation,  and  T,n  is  the  effective  temperature  of 
the  medium. 

The  effective  temperature  is  dependent  on  the 
contribution  of  scattering  to  attenuation  and  on  the 
physical  extent  of  clouds  and  rain  cells  on  vertical 
variation  of  physical  temperature  of  the  scatterers,  to  a 
lesser  extent,  on  antenna  beamwidth.  The  effective 
temperature  of  medium  has  been  determined  to  lie  in 


range  260-280  K  for  rain  and  clouds  along  the  path  at 
frequencies  between  10  and  30  GHz. 

A  broadcasting  satellite  must  serve  a  large  area, 
preferably  with  the  same  quality  of  service  throughout  for 
the  same  time  percentage  [2].  However,  portions  of  the 
service  area  (e.g.  within  different  climatic  zones)  may  be 
affected  differently  by  certain  propagation  effects.  Such 
differences  can  be  characterized  with  coordinated 
measurements  performed  at  several  locations  distributed 
over  the  service  area.  Such  data  are  useful  both  for 
evaluating  subscriber  equipment  requirements  and  for 
determining  interference  conditions  at  the  borders  of  the 
service  area,  but  these  data  are  scarce. 

Reliable  statistics  are  needed  to  predict  the  above  effects 
for  slant-path  applications.  Note  that  each  effect  is  not 
only  a  function  of  frequency,  but  also  of  location,  path 
elevation  angle  and  season  (time).  Since  it  is  not 
possible  to  make  observations  at  every  location,  the 
region  of  interest  can  be  divided  into  several  rain  and 
atmospheric  climate  zones  that  have  a  certain  statistical 
attribute.  The  carefully  planned  experiment  can  lead  to  a 
wealth  of  well  qualified  propagation  statistics  which  will 
allow  a  validation  of  propagation  prediction  models  that 
arc  needed  for  the  planning  of  new  satellite  services. 

5.  SOME  MEASURED  DATA 

5.1.  Long-term  satellite  signal  observations 
The  Radio  Department  of  Wroclaw  University  of 
Technology  has  been  carrying  out  a  systematic 
measurements  and  monitoring  of  the  communication 
satellite  signals  both  in  fixed  place  in  Wroclaw  [3],  [4], 
[5],  [7],  and  in  different  locations,  uniformly  distributed 
all  over  the  Poland  since  1994  [6]. 

Table  1  shows  the  eleventh  signals  collected  during 
experiment  and  their  corresponding  data  rates. 


Table  1.  Signals  observed  during  Wroclaw  campaign 
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Some  statistics  of  results  obtained  from  fixed  site  are 
presented  in  Fig.  2  and  Fig.  3. 

The  cumulative  statistics  of  atmospheric  attenuation 
were  proceeded  both  for  the  average  year  and  worst 
month.  Figure  2  shows  an  example  of  comparison  of 
measured  and  predicted,  according  to  ITU  method  [1], 
[2],  attenuation  statistics  at  Ku-band 


Fig.  2.  Cumulative  distributions  of  atmospheric 
attenuation  exceeded  in  percent  of  total  time  of 
campaign  duration  in  Wroclaw  for  EUTELSATII  Hot 
Bird  satellite  signals  [4],  [5],  [7]. 

The  impact  of  various  types  of  impairments  on  the  TV- 
picture  quality  is  evaluated  in  a  five-grade  scale,  taking 
into  account  of  a  CNR  of  the  received  satellite  signal, 
according  to  ITU-R  Recommendation  S.  483-3  [8]. 
Cumulative  results  of  observations  are  shown  in  Fig.  3. 


Fig.  3.  CNR  and  related  impairment  grades  of  the  Ku- 
band  communication  satellite  signals,  estimated  in 
Wroclaw  [4],  [5],  [7] 


longitude,  between  14®  and  24®  meridians,  at  four 
latitudes,  namely  54®,  52,5®,  51®  and  50®.  The  route  trace 
for  a  day  measuring  session  was  introduced  into 
database  of  on  board  GPS  satellite  navigation  system. 
Each  measuring  point  was  indicated  by  means  of  GPS 
system  and  verified  on  in  scale  1:10000  a  geographic 
map. 


Fig.  4.  Measuring  track  all  over  the  Poland 


At  each  point  transmissions  from  ASTRA  and 
EUTELSAT  (see  Table  1)  satellites  were  monitored, 
including  communication  signals  (TVSat  programmes) 
and  telemetric  signals  (beacons).  In  Fig.  5  the  EIRP 
coverage  of  ASTRA  1C  transmission  is  shown.  It  is 
worth  to  mention  that  footprints  from  the  operator, 
Societe  Europeenne  des  Satellites,  Chateau  Betzdorf, 
Luxembourg  [9],  are  only  coarse,  and  are  shown  on  a 
map  without  geographical  grid  of  coordinates. 
Comparison  of  two  sets  in  Fig.  5a  [8]  and  5b  shows 
some  discrepancies.  Estimated  differences  in  EIRP 
levels  are  about  3  dB  or  less. 

Provided  that  in  a  direct  broadcast  satellite  (DBS) 
system  the  dish  is  accurately  pointed,  a  good  reception 
quality  is  achieved  on  EIRP  contours  (using  dish  of 
corresponding  diameters,  and  a  LNC  of  1.2  dB  noise 
figure)  as  follows:  51  dBW  (60  cm),  49  (75  cm),  47  (90 
cm),  and  45  (120  cm),  respectively.  So,  looking  on  our 
experimentally  verified  footprints  antenna  diameters  for 
good  reception  should  be  increased  of  about  few  tenth 
cm,  depending  on  geographical . 


Quality  of  different  TV-sat  signal  can  be  different,  even 
they  are  transmitted  from  the  same  satellite.  In  general, 
achieved  grades  are  good  or  better  for  99  %  of  the 
measured  period  of  time. 

5.2.  Some  results  of  mobile  measurements 
Measurements  on  the  area  of  Poland  were  done  during 
June-July  1997,  along  the  track  (all  about  4456  km) 
shown  in  Fig.  4.  The  twenty  six  measuring  points  were 
uniformly  distributed  one  degree  apart  (i.e.  59.6  km)  in 


6.  SUMMARY  AND  CONCLUSIONS 

This  paper  described  an  experimental  campaign  for 
collecting  Ku-band  propagation  data  using  ASTRA, 
EUTLSAT,  and  INTELSAT  satellites.  The  objective  to 
the  experiment  is  to  characterize  satellite  communi¬ 
cation  channels  received  in  Poland.  The  campaign 
consists  of  a  single  fixed  (on  the  roof  of  the  Wroclaw 
University  of  Technology)  measuring  site,  and  the 
mobile  terminal.  The  site  began  collecting  data  in  March 
1997  and  data  analysis  began  late  1998  year.  Sample 
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measurements  and  preliminary  results  have  reported  in 
Figures  2  to  5. 


b) 


Fig.5.  Transmit  coverage  satellite  ASTRA  1C, 
horizontal  polarization  Mode  1  published  by  operator  [9] 
(a),  and  verified  experimentally  at  f=  10964  MHz  for 
transponder  No.  33  (b) 

Basing  on  the  collected  data,  up  to  date  many  refined 
statistics  and  results  that  have  never  been  done  in  Poland 
before,  are  developed. 

A  number  of  years  of  observations  are  needed  for  a 
single  path  to  provide  a  reliable  estimate  of  actual 
attenuation  distribution.  To  obtain  an  uncertainty  of  less 
than  10%  r.m.s.  ,  a  minimum  of  four  years  of 
observation  are  needed.  The  variation  from  year-to-year 
of  the  measured  path  attenuation  from  the  long-term 
average  is  of  interest  to  system  designers  if  additional 
margin  (or  safety  factor)  is  required  to  perfect  sensitive 
links  that  require  extremely  high  availability,  such  as 
telemetry,  command,  control,  monitoring  functions,  and 
e.g.  in  VSAT  systems 
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The  paper  presents  a  simple  approach  of  the 
fast  validation  and  tuning  of  empirical  propagation 
model  in  specific  environment  It  shows  how  the 
necessary  changes  may  be  introduced  into  selected 
model  in  order  to  improve  its  accuracy. 

Further  improvement  of  a  model  may  be 
achieved  using  the  Fuzzy  Logic  for  better  classification 
of  empirical  model  parameters.  Several  fuzzy  sets  are 
proposed  with  their  associated  membership  functions. 

It  is  believed  that  so  improved  empirical  model 
may  serve  better  in  establishing  proper  frequency- 
distance  separation  constraints  to  ensure  compatibility 
of  dense  land  mobile  radiocommunication  networks. 

1.  INTRODUCTION 

It  is  very  important  to  have  a  suitable  tool  for 
the  accurate  prediction  of  propagation  of  radio  waves  in 
the  VHF  and  UHF  bands  (30-3000  MHz),  that  would 
suit  the  needs  of  land  mobile  radiocommunication 
services.  Indeed,  these  frequencies  are  heavily  used 
today  for  various  networks  in  the  land  mobile  service, 
therefore  proper  selection  of  operating  frequencies  is 
necessary  to  ensure  the  intra-service  electromagnetic 
compatibility  of  neighbouring  radio  stations.  This  is 
usually  achieved  by  applying  the  established  rules  of 
frequency-distance  separation,  where  accurate 
propagation  prediction  tool  becomes  of  crucial 
importance. 

Several  solutions  are  known  today  to  calculate 
the  RF  field  by  deterministic  or  nearly  deterministic 
methods.  However  all  of  these  methods  require 
availability  of  detailed  information  on  the  profile  of 
terrain  along  the  modelled  path,  as  well  as  database  of 
vegetation,  buildings  etc.  Also  these  models  usually 
require  an  extensive  computational  power  to  run.  All 
this  often  renders  such  models  to  be  too  expensive  for 
use  by  many  potential  users. 

At  the  same  time,  very  often  comparatively 
good  approximation  of  the  RF  field  may  be  obtained 
using  simple  and  universal  empirical  models,  such  as 
Okumura-Hata  [1,2,  3],  Lee  [4],  ITU-R  Rec.  P.370  [5] 


and  some  others.  These  models  were  developed  based 
on  the  statistical  analysis  of  extensive  measurement  data 
and  have  a  very  simple  form,  are  easy  to  calculate  and 
require  only  general  knowledge  about  the  environment 
of  radio  coverage  area  in  question.  However,  the 
widespread  acceptance  of  such  empirical  models  is 
sometimes  hampered  by  their  poor  performance  in  some 
cases.  This  happens  because  these  universal  models 
were  derived  from  experimental  data  gathered  in  usually 
one  country,  region  or  even  single  urban  area.  Then 
notable  deviation  of  modelling  results  from  real  values 
may  occur  when  employing  such  model  in  country, 
where  topographic  environment,  building  practice  and 
vegetation  density  differ  significantly  from  those  in  the 
country  of  model’s  origin. 

Therefore  it  may  be  concluded  that  before 
using  any  of  such  empirical  models  in  another  country 
or  region  they  ideally  must  be  thoroughly  validated  and 
adapted  to  the  particular  environment.  In  this  paper  we 
show  how  the  empirical  Okumura-Hata  model  was 
tested  in  Lithuania  and  how  necessary  changes  were 
introduced  into  it.  We  also  suggest  a  novel  approach  for 
better  classification  of  propagation  environment  by 
means  of  applying  certain  “fuzzy  logic  approximation”. 

2.  RESULTS  OF  TESTING  VARIOUS  MODELS 

The  following  study  is  based  on  the  results  of 
testing  of  three  well-known  empirical  models  -  ITU-R 
Rec.  P.370,  Lee  and  Okumura-Hata  models  in  the 
environment  of  Lithuania.  For  this  purpose  the 
measurement  campaign  was  carried  out  in  the  summer 
of  year  1999  in  various  regions  of  Lithuania,  During 
that  campaign  RF  field  strength  was .  measured  in 
coverage  areas  of  some  30  radio  stations  in  the  land 
mobile  service,  working  in  the  frequency  bands  160 
MHz,  450  MHz,  900  MHz  and  1800  MHz. 

Results  of  this  validation  reveal  that  while 
some  of  the  models  provided  fairly  close  approximation 
in  some  cases,  none  of  them  performed  equally  well 
across  all  frequency  bands  and  propagation 
environments.  Few  examples  from  this  measurement 
campaign  [6]  are  presented  below  in  Fig.  1-4. 
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p  370  —4 —  Lee - Ok-Hata  — x —  B^sp 


Fig.  1.  Measurement  results  in  Vilnius  district  (160 
MHz).  Here  and  below  -  R,  km,  vs.  Er,  dB(pV/m) 


Fig.  2.  Results  in  Pasvalys  district  (450  MHz) 


Fig.  4.  Results  in  Vilnius  city  (1800  MHz) 

(here  free-space  curve  is  used  instead  of  P.370) 

Even  from  these  limited  results  it  may  be  seen 
how  differently  well  various  models  performed  in 
different  coverage  areas.  In  order  to  determine  the  most 
appropriate  model,  it  was  suggested  to  use  a  least 
squares  criterion.  By  applying  this  criterion  to 
measurement  results,  as  described  in  [7],  it  was  found 
that  the  Okumura-Hata  model  more  often  proved  to  be  a 
better  fit  of  experimental  results.  Therefore  the 
following  studies  addressed  the  possibilities  to  improve 
fiirther  applicability  of  this  model  for  environmental 
conditions  of  Lithuania. 


3.  EMPIRICAL  OKUMURA-HATA  MODEL 

This  empirical  propagation  prediction  model 
was  first  published  by  Y.  Okumura  et  all  in  1968  [1]  and 
was  based  on  measurement  results  in  various  districts  of 
Tokyo,  Japan.  Initially  it  was  presented  in  [1]  as  a  set  of 
empirical  curves,  classified  for  various  frequencies  and 
area  types.  Later,  M.  Hata  [2]  further  developed  this 
model  and  approximated  original  Okumura  curves  with 
certain  mathematical  expression,  which  then  became 
widely  known  as  the  Okumura-Hata  model  [3]. 

The  Okumura-Hata  model  was  formally 
recognised  by  ITU-R  in  the  Recommendation  P.529  [3], 
which  suggested  to  use  the  following  expression  for  the 
received  electric  field  strength  Ef^ ,  dB(pV/m): 

=  35.55  +  - 6.l6log/  + 13.82 log + 

+  aih^s)- (44.9 - 6.551og V<;)log/?’' .  (1) 

Where: 

Pss  “  radiated  power  of  the  transmitter,  dBW; 

/ -  operating  frequency,  MHz; 

Hbs  -  effective  height  of  the  transmitter  antenna, 

m,  above  average  terrain  in  the  range  3-15  km; 

llvLs  -  height  of  receiver  antenna,  m; 

O.iyhMS  -  (l.56*logf-  0.8); 

R  -  distance  from  the  transmitter,  km; 

Y=  I,  for /?<20  km; 

Y=1+(0.14+  1.87*10"'*/+  1.07*10’’*/ib.9)* 
♦(log(Ry20))®  * ,  for  20  <  «  <  100  km. 

For  the  purposes  of  model  tuning  it  could  be 
useful  to  define  two  basic  elements  in  the  Okumura- 
Hata  model  (1).  First  of  them  is  the  initial  offset 
parameter,  let  us  mark  it  as  Eq,  which  for  the  given 
Okumura-Hata  model  equals: 

£0=35.55  dB(pV/m).  (2) 

The  slope  of  model  curve  in  the  Okumura-Hata 
model  is  also  constant  for  a  given  system  installation 
and  may  be  expressed  from  (1)  as  follows: 

75KV=-r-(44.9-6.551ogV).  (3) 

Thus  it  may  be  suggested,  that  for  the  tuning  of 
the  model  two  parameters  may  be  used  -  initial  offset 
parameter  Eq  (2)  and  slope  parameter  y  from  the  overall 
slope  expression  (3).  It  seems  that  other  functions  of  the 
model,  which  deal  with  the  system  design  parameters 
(height  of  antennas,  frequency),  should  not  be  subject  of 
tuning,  because  it  is  unlikely  that  the  functional 
dependability  of  field  strength  from  these  parameters 
may  change  from  area  to  area. 

4.  TLTNIMG  OF  THE  MODEl. 

As  described  in  previous  section,  the  tuning  of 
the  Okumura-Hata  model  may  be  achieved  by  proper 
adjustment  of  parameters  Eq  and  y  in  the  model.  The 
most  appropriate  tool  for  such  tuning  may  be  the  well- 
known  statistical  method  of  minimum  (least)  squares.  In 
accordance  with  it,  the  best  fit  of  the  theoretical  model 
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curve  with  a  given  set  of  experimental  points  would  be 
achieved  if  the  sum  of  deviation  squares  is  minimum: 


S(a,b,c,...)  =  - £^(Xj,a,6,c,...)p  =  min.  (4) 

i=\ 

Where: 

yi  -  measurement  result  at  the  distance  x/ ; 
Efi(xua,b,c,.,.)  -  modelling  result  at  the x,; 
a,b,c  -  parameters  of  the  model; 
n  -  volume  of  the  experimental  set 

It  may  be  noted,  that  equation  (4)  shall  be 
satisfied  if  all  partial  differentials  of  the  S  function  are 
equal  zeros: 


\dS/  -0- 

dS/  -0* 

/db  ^ 

(5) 


The  solution  of  system  (5)  for  the  given 
Okumura-Hata  model  is  described  in  detail  in  [8].  It  is 
shown  there  that  the  empirical  parameters  Eq  (2)  and  y 
(3)  of  the  model  may  be  calculated  as  follows: 

^0  ~  ^~^SYSy 


44,9-6.55 -log//^^* 

Where  statistical  estimates  of  the  intermediate 
parameters  a  and  b  are  derived  from  the  set  of 
experimental  measurements  {(x/=log/?/  ;  using 

the  following  expressions: 


Further  analysis  performed  with  the  results  of 
aforementioned  measurement  campaign  in  Lithuania  [6] 
through  application  of  expressions  (6)  and  (7),  gave  a 
set  of  Eo  and  y  parameters  for  different  environments 
and  frequency  bands.  Grouping  those  results  according 
to  their  urban  or  rural  origin  and  frequency  band 
allowed  to  calculate  average  values  for  the  empirical 
model  parameters,  which  are  given  below  in  Table  1. 


Table  /.  Calculated  empirical  parameters  for  the 


160  MHz 

450  MHz 

900  MHz 

Urban 

Rural 

Urban 

Rural 

Urban 

Rural 

Eo 

40 

40 

40 

50 

35 

60 

y 

1.25 

1.20 

1.30 

1.20 

1.00 

1.25 

Modified  empirical  parameters  given  in  the 
Table  1  allow  to  improve  precision  of  the  Okumura- 
Hata  model  It  is  obvious,  that  these  modified  empirical 
parameters  should  be,  first  of  all,  applicable  to  the 
propagation  conditions  met  in  Lithuania  and  other 


neighbouring  countries  of  a  region.  However,  for  urban 
propagation  at  900  MHz  (which  is  a  standard  option  for 
the  Okumura-Hata  model)  the  calculated  parameters  in 
Table  I  are  the  same  as  those  of  original  model  (1). 
Therefore  it  is  suggested  that  other  values,  especially 
those  for  rural  areas,  may  be  also  valid  on  a  wider  scope 
than  just  regional  modification  [8]. 

5.  USE  OF  FUZZY  LOGIC 
5.1.  Fuzzy  logic  concept 

For  further  fine  tuning  of  empirical  model  the 
concept  of  fuzzy  logic  approximation  may  be  used.  This 
approach  was  suggested  recently  by  S.  Faruque  in  his 
paper  [9].  For  classification  of  propagation 
environments  he  proposed  to  use  certain  fuzzy  sets, 
which  are  linked  to  the  relevant  empirical  parameters  of 
the  model  through  the  membership  functions  of  those 
fuzzy  sets.  So  Faruque  proposed  to  use  the  triangular 
membership  function  (see  Fig.  5  below)  to  describe 
dependence  of  the  model’s  parameter  on  the  building 
clutter  in  coverage  area. 


Membership  level 


Fig.  5.  Classification  of  propagation  environment  by 
means  of  fuzzy  sets  (from  S.  Faruque  [9]) 


Basically,  fuzzy  sets  described  by  Fig.  5  allow 
to  make  a  classification  decision  when  the  coverage  area 
does  not  clearly  belongs  to  one  typical  state.  For 
example,  when  the  area  may  be  characterised  as 
something  between  the  typical  urban  and  typical 
suburban,  in  terms  of  fuzzy  logic  it  may  be  described  as 
50%  urban  and  50%  suburban.  Then  the  desired  value 
of  empirical  parameter  for  model  tuning  may  be 
obtained  from  Fig.  5  as  y*=0,5  72+0.5  73.  Similarly,  the 
desired  value  of  model  parameter  may  be  obtained  for 
area  considered  to  be  e.g.  75%  typical  urban  and  so  on. 

5.2.  Fuzzy  sets  and  propagation  modelling 

It  may  be  assumed  that  the  use  of  such  flexible 
tool  for  better  classification  of  propagation  environment 
might  be  very  useful.  Indeed,  it  should  be  recognised 
that  the  definition  of  propagation  areas  as  “urban”, 
“suburban”,  etc.  is  in  itself  not  very  clear,  because  it 
presumes  some  kind  of  human  subjective  judgement. 
Therefore  the  fuzzy  logic  with  its  flexible  assignment  of 
membership  values  tends  itself  towards  that  subjective 
assessment  of  type  of  coverage  area. 

However,  it  may  be  also  assumed,  that  the 
accurate  selection  of  empirical  parameters  through  the 
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fuzzy  sets  will  depend  on  establishing  proper 
membership  functions  for  those  fuzzy  sets.  Faruque 
proposed  to  use  the  triangular  functions  (see  Fig.  5).  At 
the  same  time  it  appears  that  the  membership  functions 
of  fuzzy  sets  may  be  anything  between  equal 
distribution  rectangular  and  5-function  [10]. 

Other  issue,  which  deserves  attention,  is  a 
possibility  to  describe  by  fuzzy  sets  not  only  the 
building  density  (urban  vs.  rural  areas)  but  also  some 
other  area  characteristics.  In  this  study  it  was  suggested 
to  establish  two  more  families  of  fuzzy  sets,  which 
would  describe  vegetation  density  (forested  vs.  open 
areas)  and  terrain  irregularity  (hilly  vs.  flat  areas). 
Therefore  the  following  section  attempts  to  propose  the 
membership  functions  for  all  these  three  types  of  fuzzy 
set  families. 

5.3.  Selection  of  membership  functions 

Previous  section  offered  to  use  three  families 
of  fuzzy  sets  to  characterise  the  propagation 
environment.  These  three  families  describe  building 
density,  vegetation  density  and  terrain  irregularity. 

It  is  therefore  suggested  that  in  each  of  those 
families  the  proper  classification  of  environment  may  be 
achieved  by  assigning  a  certain  membership  value 
between  two  contrary  boundaries.  Those  boundaries 
may  be  “dense  urban”  -  “rural”,  “dense  forest”  -  “open” 
and  “very  hilly”  -  “flat”  for  those  three  fuzzy  families 
respectively.  It  was  deliberately  decided  not  to  use  the 
proposed  by  Faruque  [9]  intermediate  sets  “suburban” 
and  “urban”  in  the  building  density  category,  because  it 
was  felt  that  they  may  be  anyway  described  as  a 
fractions  of  those  boundary  categories  “rural”  and 
“dense  urban”. 

Trying  to  establish  the  membership  functions 
for  those  three  fuzzy  sets,  it  was  decided  to  use  the 
experimental  set-up  with  human  expert,  as  suggested  in 
some  of  the  works  in  [11].  The  essence  of  that 
experiment  is  that  human  expert  saw  the  particular 
coverage  areas  in  which  the  aforementioned 
measurements  [6]  were  carried  out.  Every  time  expert 
was  asked  to  classify  the  environment  in  terms  of 
percentage  of  those  three  fuzzy  sets:  “dense  urban”  - 
“rural”,  “dense  forest”  -  “open”  and  “very  hilly”  -  “flaf ’. 
So  obtained  fuzzy  grades  were  recorded  against  the 
values  of  the  empirical  model  parameters  Eo  and  y, 
calculated  for  that  coverage  area. 

One  example  resulting  from  that  experiment  is 
shown  in  Fig.  6  for  the  case  of  Eq  parameter  in  areas 
with  different  clutter  density  between  "dense  urban"  and 
"rural".  The  same  figure  shows  a  proposed 
approximation  for  the  membership  function.  It  may  be 
seen  from  example  in  Fig.  6,  that  the  spread  of 
experimental  points  is  quite  significant.  However,  it  is 
clear  that  the  triangular  shape  would  not  be  suitable  to 
approximate  the  membership  function. 

Therefore,  based  on  the  results  of  this 
experimental  research,  it  is  proposed  to  consider  using 


logarithm  functions  for  approximation  of  the  shape  of 
membership  functions  of  fuzzy  sets  that  describe  the 
environmental  features  of  coverage  areas.  It  is  believed 
that  the  logarithm  form  is  more  appropriate  because  of 
subjective  difficulty  to  distinguish  clearly  such  ultimate 
parameters  as  density  of  urban  or  density  of  forest,  etc. 


Fig.  6.  Experimental  analysis  of  Eo  parameter  for 
different  grades  of  fuzzy  set  “dense  urban  -  rural” 

Based  on  this  reasoning  the  membership 
functions  for  three  aforementioned  fuzzy  sets  ("urban 
vs.  rural  areas",  "forested  vs.  open  areas",  "hilly  vs.  flat 
areas")  were  suggested  for  use  with  modified  Okumura- 
Hata  model  (1).  The  marginal  absolute  values  were 
selected  based  on  results  in  Table  1  and  shape  of  the 
membership  functions  followed  the  log  function.  Below 
Fig.  7-8  show  the  proposed  membership  functions  for 
parameters  Eo  and  y  of  the  Okumura-Hata  model.  These 
are  given  for  the  fuzzy  set  "urban  vs.  rural  areas". 


Fig.  7.  Proposed  fuzzy  membership  function  to  describe 
parameter  Eq  in  urban  vs,  rural  areas 


Fig.  8.  Proposed  fuzzy  membership  function  to  describe 
parameter  y  in  urban  vs.  rural  areas 

It  is  believed,  that  the  "urban  vs.  rural"  feature 
is  the  most  important  and  therefore  should  be 
considered  first  in  selection  of  empirical  model 
parameters.  The  density  of  vegetation  and  terrain 
irregularity  are  seen  as  secondary  options,  because  they 
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may  be  used  to  modify  the  primary  parameter.  This 
would  then  mean  that  the  "urban"  may  become  "dense 
urban  with  a  lot  of  vegetation  in  the  streets"  or  "dense 
urban  across  the  hilly  terrain",  or  both  of  above  in 
various  combinations. 

Therefore,  it  is  suggested  that  account  of 
"forested  vs.  open"  and  "hilly  vs.  flat"  features  is  taken 
as  a  modification  of  primary  empirical  parameters, 
selected  based  on  "urban  vs.  rural"  parameter  from  Fig. 
7-8.  The  membership  functions  are  thought  to  be 
identical  for  both  fuzzy  sets  and  are  shown  Fig.  9-10. 


Fig.  9.  Proposed  fuzzy  membership  function  to  describe 
change  of  parameter  Eq  in  forested  vs.  open  areas  and 
hilly  vs.  flat  areas 


Fig.  10.  Proposed  fuzzy  membership  function  to 
describe  change  of  parameter  y  in  forested  vs.  open 
areas  and  hilly  vs.  flat  areas 


So,  when  applying  the  proposed  "fuzzy  logic" 
approach  for  tuning  of  the  empirical  propagation  model 
(1),  the  following  procedure  should  be  followed.  First, 
the  initial  model  parameters  Eq  and  y  should  be  selected 
from  Fig.  7  and  8  respectively,  based  on  evaluation  of 
coverage  area  in  terms  of  its  likeness  to  urban  vs.  rural. 
Then,  if  the  coverage  area  exhibits  notable 
abnormalities  (for  that  region)  in  terms  of  vegetation 
density  or  terrain  irregularity,  then  the  selected  Eq  and  y 
parameters  should  be  modified  from  the  Fig.  9  and  10, 
following  the  principle: 

Ei  =  Eq-^AEq] 

7^  =7+ Ay.  (8) 

If  the  coverage  area  may  be  characterised  both 
in  terms  of  vegetation  density  and  terrain  irregularity, 
then  the  resulting  for  each  class  parameters  AEq  and  Ay 
may  be  summed  before  applying  in  (8). 


6.  CONCLUSIONS 

The  paper  shows  a  simple  approach  to  the  fast 
validation  and  tuning  of  empirical  propagation 
prediction  model  in  the  specific  environment.  Using  a 
particular  example  of  the  Okumura-Hata  model  [3],  the 
paper  describes  how  the  minimum  necessary  changes 
may  be  introduced  to  improve  accuracy  of  the  model. 

For  a  further,  more  finer  tuning  of  the  model  it 
is  proposed  to  use  three  "fuzzy  sets"  that  allow  better 
classification  of  building  density,  terrain  irregularity  and 
vegetation  density  in  the  coverage  area.  The 
corresponding  fuzzy  membership  functions  are 
proposed,  based  on  the  results  of  experimental  research. 
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Interference  between  stations  working  within  the 
same  frequency  band  or  stations  sharing  the  same 
frequency  has  been  a  major  constraint  in  the  planning 
of  radio  services.  This  article  describes  the  findings  of  a 
research  made  in  the  southwestern  part  of  Nigeria. 
Earlier  in  this  region,  statistical  characteristics  of 
anomalous  propagation  effects  were  studied  in  over-the- 
horizon  radiowave  propagaTion[4.1  ].  However,  issues 
related  to  seasonal  and  diurnal  signal  level  variations 
were  not  dealt  with.  The  result  shows  that  the  seasonal 
and  diurnal  signal  level  variations  were  significantly 
high,  indicating  a  high  occurrence  of  superrefractivity 
and  ducting  in  the  region. 

1.  INTRODUCTION 

A  major  task  for  the  radiocommunication  engineer  in 
designing  a  communication  system  is  to  be  able  to 
predict  the  behaviour  of  the  radio  signal  from  the  point 
of  transmission  to  the  receiving  point.  Preliminary 
calculations  before  the  system  design  is  embarked  upon 
involve  the  signal  strength  expected  at  the  receiving 
point,  its  behaviour  with  time,  and  the  probability  of 
interference  between  a  given  system  and  another  system 
operating  on  the  same  or  adjacent  frequency  channel. 

The  parameters  involved  fall  into  two  categories. 
The  first  category  are  parameters  within  the  control  of 
the  design  engineer,  such  as  the  transmitter  power, 
frequency,  type  of  signal  modulation,  type  of  aerial 
structure,  and  the  sites  of  the  transmitter  and  receiver. 
The  second  category  are  parameters  that  are  usually  not 
within  his  control,  such  as  the  nature  of  the  terrain  over 
which  the  propagation  is  to  be  made,  and  the  nature  of 
the  propagation  medium.  A  reliable  communication 
system  can  only  be  obtained  after  all  relevant 
parameters  are  known,  and  this,  therefore,  calls  for 
proper  preliminary  survey  of  the  path  during  the  design 
state. 

Communication  links  operating  at  frequencies  within 
the  VHF,  right  up  to  microwaves,  depend  very  much  on 
the  propagation  conditions  of  the  earth's  lower 
atmosphere  (i.e.  the  troposphere),  since  the  geometry  of 


the  path  travelled  by  the  radio  wave  depends  mostly  on 
the  vertical  distribution  of  the  atmospheric  refractive 
index. 

The  signals  from  a  “wanted”  transmitter  operating  in 
the  VHF  band  would  typically  travel  over  paths  of 
50km  or  less,  while  signals  from  a  potentially 
interfering  station  would  travel  from  far  greater 
distances.  For  most  of  the  time  therefore,  signals  from 
potentially  interfering  stations  would  not  be  received 
because  of  the  large  distances  involved.  However,  there 
are  occasions  when  the  vertical  distribution  of  the 
atmospheric  refractive  index  cause  radio  signals  to 
travel  to  far  greater  distances  than  normal  and  arrive  in 
another  service  area  with  sufficient  strength  to  cause 
interference  to  the  wanted  service. 

2.  INTERFERENCE  DUE  TO 
SUPERREFRACTION  AND  DUCTING  IN 
ILE-IFE. 

Ile-Ife  lies  in  the  southwestern  part  of  Nigeria  and 
located  between  latitudes  7°N  and  7^35 'N,  longitudes 
4^20’E  and  4°45'E,  covering  an  area  of  1846km^  [4.4]. 
The  geographical  location  is  shown  in  fig.l.  Its  climate 
is  tropical,  i.e. hot  and  humid  with  two  main  seasons: 
rainy  season  and  dry  season.  The  dry  season  is 
dominated  by  hot,  dry  harmattan  winds. 

Superrefraction  is  an  anomalous  propagation  which 
occurs  when  the  lapse  rate  of  earth's  refractive  index 
exceeds  40N/km  causing  the  radio  signal  curvature  to 
increase,  extending  the  radio  horizon  and  increase  path 
clearance.  Ducting  occurs  when  the  lapse  rate  of  earth's 
refractive  index  exceeds  157N/km,  causing  the  radio 
signal  to  bend  towards  the  earth  more  rapidly  than  the 
earth’s  curvature.  This  can  cause  rays  to  propagate  to 
extremely  long  ranges  beyond  the  normal  horizon. 
These  abnormal  propagation  effects,  which  arc  often 
prevalent  in  the  West  African  tropical  sub-region,  is  a 
major  cause  of  interference  between  stations  working  in 
the  same  band  or  stations  sharing  the  same  frequency  in 
the  region.  Whilst  this  is  a  well-documented 
propagation  mechanism  [4.1],  interference  prediction 
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methods,  which  are  used  in  broadcasting,  do  not  model 
this  effect  very  well. 

2.1  Methodology 

To  simulate  a  potentially  interfering  situation,  the 
distance  from  the  transmitter  source  to  the  receiver  point 
should  be  beyond  the  visible  horizon,  and  distances 
between  about  200km  and  400km  are  often  considered 
suitable.  As  a  result  an  PM  transmitting  station  located 
at  a  radio  distance  of  200km  from  Ile-Ife  was  utilized 
for  this  study. 

The  frequency  of  operation  is  100.50MHz  while  the 
transmitter  height  is  about  280m  with  an  effective 
radiated  power  of  30kw.  The  computer  controls  the 
acquisition  of  data  using  RS232  commands  sent  to  the 


Fig.  1  Geographical  Location  of  Receiving  Station. 

radioreceiver  and  data  logger  respectively. 
Measurements  were  taken  for  24  hours  each  day. 

2.2  Results 

The  results  obtained  from  several  months  of 
continuous  measurements  have  shown  large  variation  in 
the  received  field  strength.  Fig.2  shows  a  situation 
where  the  received  signal  level  exhibits  quite  frequent 
deep  and  relatively  short  duration  fades.  A  situation  of 
complete  fade-out  (or  dropout)  which  may  be  from  a 
few  minutes  to  a  number  of  hours  is  also  observed 
during  this  period.  This  is  as  a  result  of  tropospheric 
radio  ducts  associated  with  temperature  inversions  at  or 
near  the  earth’s  surface.  The  principal  cause  of  fade-out 
in  the  duct  regions  can  be  associated  with  the  condition 
where  one  or  both  aerial  terminals  of  the  link  move  into 
or  out  of  a  radio  duct  due  to  the  duct  region  changing  its 
position.  The  formation  of  a  duct  along  the  path  makes 
the  signal  level  to  propagate  over  long  distances  and 
cause  interference  in  nearby  stations. 


3.CONCLUSIONS. 

It  has  been  observed  that  high  values  of  field 
strength  were  obtained  during  the  dry  months  of  Nov.  - 
March.  This  indicates  a  high  incidence  of  anomalous 
propagation  in  the  area  during  these  dry  months. 

The  knowledge  of  the  statistical  characteristics  of 
these  received  signals  may  be  used  in  assessing  the 
potential  for  interference  between  stations  working  in 
the  same  band  or  stations  sharing  the  same  frequency. 


Fig.2  Diurnal  Signal  Level  Variation. 
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Owing  to  complex  non-stationary  proccesses  occur¬ 
ring  in  border  atmospheric  layers  the  study  of  tropo¬ 
spheric  propagation  of  radio  waves  in  VHF/UHF  range 
calls  for  further  accumulation  and  generalization  of  ex¬ 
perimental  data  determining  fluctuation  characteristics  of 
the  radio  signal  and  their  formation  under  radio  mete¬ 
orological  conditions  of  air  currents  prevailing  in  differ¬ 
ent  physical  and  climatic  regions  of  Russia  [1].  Fairly 
comprehensive  results  have  been  obtained  to-date  in 
similar  studies  made  in  regions  with  sharply  continental 
climate  [2],  in  extremely  severe  climatic  zones  [3],  as  well 
as  in  Arctic  Sea  coastal  area  [4J. 

This  article  describes  the  findings  of  the  research 
made  in  the  far-eastern  coastal  regions  where  a  complex 
climate-forming  process  is  at  work  on  "land-ocean  ”  bor¬ 
der  line.  Earlier  in  this  region  statistical  characteristics  of 
the  signal  were  studied  in  over-the-horizon  radio  wave 
propagation  [5,  6J,  however,  the  issues  related  to  sea¬ 
sonal  and  diurnal  signal  variations,  as  well  as  radio  me¬ 
teorological  factors  in  forming  their  peculiar  features 
were  not  dealt  with.  It  should  be  noted  that  similar  study 
in  this  region  was  made  in  the  area  of  far-eastern  seas 
[7].  As  it  was  expected  the  comparison  between  these  two 
groups  of  findings  showed  a  marked  difference  between 
the  characteristics  of  UHF/UHF  fluctuations  on  tropo¬ 
spheric  paths  of  comparable  extension,  caused  by  differ¬ 
ences  in  underlining  environments.  The  article  presents 
the  main  radio  metereological  factors  and  physical 
mechanisms  contributing  to  the  specific  fluctuation  of  the 
signal  in  various  seasons  and  hours. 

Keywords:  troposphere,  radio  wave  propagation,  dis¬ 
tant  tropospheric  propagation 

1.  Conditions  of  experiments,  radio  line  characteristics 

Two  paths  of  radio  relay  line  for  VHF/UHF  distant 
tropospheric  propagation  (DTP)  were  examined  with  a 
common  receiver  at  the  intermediate  station  near  the  town 
of  Magadan.  Lengthwise  profiles  of  the  paths  1  and  2  are 
shown  in  Fig.  1  a,  b.  The  geographical  extension  of  path  1 
is  204,66  km,  and  path  2-415.3  km  .  The  equivalent  dis¬ 
tances  are  167.1  km  and  383.7  km  respectively.  Scatter 
angles  in  these  intervals  under  normal  atmospheric  refi'ac- 
tion  (a  8500  km  )  are  19.7  and  45.1  mrad  accordingly. 
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Fig.  1 

Both  paths  run  over  rugged  mountaineous  terrain 
along  the  coast  of  the  Sea  of  Okhotsk.  Path  1  is  laid  over 
the  peninsula,  with  an  over-radiating  portion  of  the  tro- 
poshere  located  about  100  km  off  the  coast  and  blocked 
from  the  ocean  by  a  mountain  chain  system;  path  2  runs 
near  the  coast. 

In  the  intervals  under  study  a  standard  tropospheric 
radio  relay  station  “Horizont-M”  was  utilized  equipped 
with  parabolic  antennas  20x20  m  (path  1)  and  30x30  m 
(path  2)  in  dimensions  and  operating  on  fourfold  receiv¬ 
ing  scheme  and  on  36  cm  wave  length.  Coefficients  of 
receiver-transmitter  antennas  on  path  1  were  41.5  and 
42.0  dB,  and  46  and  46.  5  dB  on  path  2  respectively. 

Continuous  round-the-clock  registration  of  slow 
variations  of  the  signal  was  performed  with  a  fast  re¬ 
corder  H-338/3.  Registration  of  quick  fading  of  the  sig¬ 
nal  was  made  every  three  hours  during  the  interval  of 
5... 50  minutes  with  the  integrating  condensator  discon¬ 
nected  from  the  recording  circuit.  The  recording  interval 
of  quick  sinking  was  established  in  accordance  with  the 
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character  of  fluctuations  and  was  sufficiently  long  “to  en¬ 
compass”  several  dozens  of  auto-correlation  radii.  Re¬ 
cording  time  constant  in  this  case  equaled  50  ms.  Calibra¬ 
tion  of  measuring  devices  was  done  with  a  G4-76A  gen¬ 
erator,  Absolute  error  in  measuring  the  signal  level  was  1.5 
dB. 


2.  Radiometeorological  conditions  of  the  area  under 
study 

The  relationship  between  the  signal  level  and  radio 
meteorological  parameters  was  studied  on  over-the- 
horizon  paths  on  the  western  coast  of  the  Sea  of  Okhotsk 
through  comparing  the  6-hourly  median  levels  with  the 
data  of  aerological  sounding  gathered  at  the  stations  of 
Magadan  and  Okhotsk  in  1991-1992  in  following  atmos¬ 
pheric  layers:  0-r900,  300-r600  and  600-r900  m  [8]. 

Fig.  2  a,b,c,d  shows  distribution  histograms  of  ground 
signal  values  N  at  Magadan  station  in  winter,  spring, 
summer  and  autumn  respectively;  maximum  median  value 
of  N  is  registered  in  summer,  minimum  -  in  winter. 


3.  Seasonal  and  diurnal  variations  of  slow  signal  fading 

Due  to  the  occurrence  of  non-stationary  DTP  processes 
on  the  studied  path  the  fadings  of  different  types  of  signal 
were  registered  -  quick  fluctuations  ranging  from  a  frac¬ 
tion  to  dozens  of  seconds  in  duration  were  superimposed 
on  slow  variations  of  signal  level  ranging  from  several 
minutes  to  dozens  of  minutes.  Such  a  manner  of  signal 
fluctuation  necessitates  a  provisional  division  into  quick 
and  slow  fading. 

Integrated  statistical  data  on  distribution  of  slow  fluc¬ 
tuations  of  the  tropospheric  signal  based  on  the  results  of 
seasonal  measurements  on  paths  1  and  2  are  shown  on  Fig. 
3  respectively.  The  mentioned  distributions  of  the  signal 
are  based  on  hourly  median  values  of  the  signal  in  each 
season  of  the  year.  It  follows  from  the  figures  that  maxi¬ 
mum  median  levels  of  the  signal  on  path  1  occurs  in 
autumn  and  on  path  2  in  summer.  Minimum  median  signal 
levels  on  both  paths  occur  in  winter,  which  is  caused  by 


seasonal  variations  of  radio  and  metereo logical  condi¬ 
tions  of  the  period  under  study.  Besides,  the  graphs  show 
that  the  amplitude  of  seasonal  variation  of  the  signal  on 
median  levels  of  path  1  makes  9.4  dB,  on  path  2  -  14.8 
dB.  The  dispersion  of  seasonal  distribution  of  the  signal 
on  path  2  considerably  exceeds  the  dispersion  observed 
on  path  1.  This  regularity  can  be  explained  by  special 
positioning  of  the  studied  path  with  respect  to  coastline. 


AV,dB 


As  noted  above  path  2  unlike  path  1  runs  along  the 
coastline  causing  considerably  greater  variability  in  radio 
meteorological  conditions  both  throughout  the  entire 
layer  of  troposphere  and  in  the  overradiating  volume. 
Other  things  being  equal  the  standard  deviation  for  ap¬ 
proximating  logarythmically  correct  law  of  distribution 
will  diminish  with  an  increase  of  path  extention.  This  can 
be  explained  by  an  increase  in  the  height  of  the  overra¬ 
diating  volume  in  which  the  intensity,  dimensions  and 


628 


form  of  irregularity  is  more  stable  [1].  However,  in  spite  of 
relatively  greater  extension  of  path  2,  the  amplitude  of 
seasonal  signal  variation  and  the  dispersion  of  seasonal 
distributions  turned  out  to  be  substantially  in  excess  of 
analogous  statistical  parameters  of  path  1 . 

Consequently,  the  tropospheric  processes  occurring 
near  the  “land-ocean’'  border  play  the  dominant  role  in 
forming  the  fluctuation  regime  on  the  coastal  path.  Change 
of  directions  in  a  breeze  circulation  in  a  fairly  powerful 
vertical  current  brings  about,  depending  on  hour  and  sea¬ 
son,  radio  meteorological  conditions  of  opposite  polarity, 
which  play  an  essential  role  in  forming  a  fluctuation  re¬ 
gime. 

Judging  by  integrated  distributions  autumn  season  is 
characterized  by  the  greatest  stability  of  the  signal  on  path 
1,  and  winter  and  spring  season  -  on  path  2.  Apparently, 
this  regularity  is  conditioned  by  seasonal  interrelationship 
between  the  structure  variables,  dynamics,  intensity  and 
form  of  tropospheric  irregularities.  These  irregularities  are 
stabilized  in  the  troposphere  on  a  coastal  path  2  in  winter 
and  spring  when  the  underlying  surface  becomes  uniform 
after  the  Sea  of  Okhotsk  becomes  frozen. 

The  diurnal  cycle  of  median  values  of  the  signal  in  all 
seasons  on  the  studied  paths  shows  its  maximum  at  night 
and  in  the  morning  hours  and  minimum  value  -  in  the  day 
time. 

Unlike  the  discovered  correspondence  of  the  statistical 
parameters  of  seasonal  signal  variations  on  the  experi¬ 
mental  paths,  diurnal  variations  of  the  signal  are  charac¬ 
terized  by  the  opposite  relationship.  Table  1  presents  diur¬ 
nal  amplitude  variations  of  the  signal  registered  on  the 


Table  2 


Sta¬ 

tion 

Season 

Time, 

Hour 

s 

Correlation  coefficient  r  for 

No 

g,.(0^ 

100  m) 

gn(0^ 

300  m) 

g„(0- 
600  m) 

&.(0- 
900  m) 

g„(300^ 
600  m) 

gn(600^ 

900  m) 

M 

Winter 

0 

0.26/0.30 

0.58/0.45 

0,28/0.01 

0.09/0.20 

0.50/0.32 

0.3870.52 

0.69/0.27 

a 

12 

0.06/0.18 

0.55/0.55 

0,59/0.63 

0.62/0.70 

0.28/0.66 

0.52/0.71 

0,20/0.36 

g 

Spring 

0 

0.84/0.43 

0.76/0.74 

0.78/0.72 

0.72/0.79 

0.77/0.74 

0.66/0.83 

0.85/0.64 

a 

12 

0.99/0.93 

0.91/0.99 

0.93/0.99 

0.87/0.98 

0.82/0.96 

0.73/0.91 

0.67/0.87 

d 

Sum¬ 

mer 

0 

0.01/0.61 

0.60/0.99 

0.98/0.74 

0.97/0.36 

0.92/0.66 

0.98/0.99 

0.90/0.35 

a 

12 

0.37/0.06 

0.73/0.95 

0.49/0.82 

0.29/0.14 

0.06/0.37 

0.65/0.25 

0.11/0.54 

n 

Autum 

0 

0.23/0.62 

0.41/0.67 

0.38/0.42 

0.38/0.19 

0.61/0.09 

0.64/0.01 

0.67/0.01 

n 

12 

0.13/0.66 

0.41/0.14 

0.13/0.00 

0.13/0.13 

0.25/0.25 

0.10/0.35 

0.37/0.42 

0 

Winter 

0 

0.16 

0.69 

0.78 

0.69 

0.71 

0.05 

0.54 

k 

12 

0.18 

0.75 

0.59 

0.31 

0.15 

0.43 

0.57 

h 

Spring 

0 

0.46 

0.19 

0.40 

0.66 

0.65 

0.99 

0.72 

0 

12 

0.97 

0.89 

0.92 

0.80 

0.10 

0.03 

0.93 

t 

^9 

0 

0.67 

0.71 

0.88 

0.85 

0.73 

0.62 

0,37 

s 

IjllllJ 

12 

0.42 

0.86 

0.93 

0.97 

0.89 

0.88 

0.32 

k 

0 

0.45 

0.69 

0.58 

0.50 

0.33 

0.64 

0.02 

m 

12 

0.07 

0.02 

0.15 

0.20 

0.05 

0.20 

0.35 

studied  paths  in  different  seasons.  The  shorter  path  1 
shows  the  greatest  amplitude  of  diurnal  variation  of  a 
median  signal  level  in  summer  and  equals  around  13  dB, 
while  on  path  2  this  parameter  equals  3.5  dB  only. 

Night  and  morning  hours  of  summer  when  the  tem¬ 
perature  near  the  ground  level  drops  to 'lowest  levels  the 
intensity  of  temperature  inversion  in  the  border  layers  of 
atmosphere  increases.  As  a  result  the  height  of  the  over- 
radiating  volume  of  the  troposphere  and  radio  wave 
scatter  angle  diminishes.  Consequently,  such  a  variation 
in  a  radio  meteorological  structure  of  the  troposphere 
brings  about  higher  signal  level.  It  should  be  noted  that 
while  the  volume  of  overradiating  troposphere,  “cut-out” 
by  crossing  of  orientation  diagrams  of  receiver- 
transmitter  antennas,  occupies  a  fairly  substantial  range 
of  heights  vertically  on  the  studied  paths,  only  the  lower 
part  of  this  volume  makes  an  essential  contribution  to 
forming  of  DTP  field  [9,  10]. 


Table  1 


Seasons 

Amplitude  of  diurnal  variation  of 
signal  level,  dB 

path  1 

path  2 

Winter 

1.5 

2.0 

Spring 

4.0 

3.0 

Summer 

13.0 

13.0 

Autumn 

2.5 

2.5 
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The  reason  why  this  happens  is,  firstly,  the  scatter  angle 
from  this  part  of  the  volume  is  relatively  small,  secondly, 
the  intensity  of  tropospheric  irregularities  in  the  lower 
volume  is  much  greater  due  to  its  proximity  to  the  earth 
surface.  Besides,  the  troposphere  zone  located  below  the 
mentioned  volume  can  play  an  appreciable  role  in  the 
mechanism  of  signal  transmission  of  DTP  due  to  weak 
diffraction  caused  by  screening  of  radio  waves  by  the 
earth  surface[10]. 

4.  The  study  of  correlation  between  DTP  signal  level 
and  radio  meteorological  parameters 

Table  2  shows  the  findings  of  the  research  into  statisti¬ 
cal  relationship  between  median  values  of  the  multiplier  of 
signal  V  weakening  and  radio  meteorological  paratmeters 
( refractivity  N  near  the  the  ground  and  the  vertical  gradi¬ 
ent  of  refraction  index  g^)  obtained  at  aerological  radio 
sounding  stations  of  Magadan  and  Okhotsk  located  near 
the  linked  points. 

As  shown  by  these  tables  the  correlation  coefficient  r 
between  the  corresponding  values  of  the  multiplier  of  DTP 
signal  weakening,  refraction  index  N  near  the  ground  and 
its  vertical  gradients  ranges  widely  from  0  to  0.99. 

In  spring-autumn  season  the  correlation  index  in¬ 
creases  as  compared  with  the  other  seasons  and  basically 
falls  within  the  range  of  0.65  ...0.99  which  can  be  attrib¬ 
uted  to  considerably  less  contrast  conditions  of  atmos¬ 
pheric  circulation  in  a  warmer  period,  rather  than  in  a  cold 
one. 

Correlation  of  signal  level  with  radio  metereo logical 
parameters  was  made  through  comparison  of  mean  values 
over  three  days. 

The  correlation  index  between  the  signal  level  and  in¬ 
dex  gradient  of  air  refraction  is  higher  than  that  between 
the  signal  level  and  refraction  index  near  the  surface  of  the 
earth.  Correlation  between  V  and  gn  is  stable  in  the  near- 
the-surface  layer  900  m  thick  in  all  seasons  and  at  all 
times  diurnally.  Only  in  daytime  in  summer  at  Magadan 
station  r  decreases  with  an  increase  of  thickness  of  layer: 
on  path  1  from  0.71  in  the  lower  100  m  thick  layer  near 
the  surface  to  0.06  in  0...900  m  layer  and  on  path  2  from 
0,95  to  0.25  accordingly  which  is  conditioned  by  vertical 
distributuion  of  air  moisture  in  the  border  layer  of  atmos¬ 
phere.  The  correlation  between  V  and  gn  does  not  depend 
on  the  height  of  the  lower  boundary  of  the  layer  in  ques¬ 
tion  and  is  stable  in  layers  0...300,  300. ..600  and 
600... 900  m  in  thickness. 

5.  Conclusion 

The  seasonal  variations  of  the  mean  signal  components 
on  over-the-horizon  troposheric  paths  in  the  far-eastern 
coastal  area  of  Russia  reveal  one  maximum  value  in  sum¬ 
mer  or  autumn  depending  on  location  of  radio  paths  under 
study  and  one  minimum  value  in  winter. 

The  maximum  signal  value  is  registered  in  autumn  on 
the  path  running  along  the  ocean  coast,  and  on  the  path 
running  at  a  distance  from  the  coast  in  summer,  which  is 


explained  by  peculiarities  of  tropospheric  processes  oc¬ 
curring  near  the  “land-ocean’’  border. 

The  seasonal  variations  of  median  signal  level  on  the 
studied  paths  correspond  to  a  considerable  degree  to  the 
variations  of  radio  meteorological  parameters  in  the  far- 
eastern  troposphere.  In  spring-autumn  as  compared  with 
the  other  seasons  an  increase  was  observed  in  correlation 
coefficient  of  signal  level  with  radio  meteorological  pa¬ 
rameters.  In  the  lower  900  m  thick  layer  of  atmosphere 
the  correlation  link  between  the  signal  level  and  radio 
meteorological  parameters  throughout  the  year  is  stable 
at  all  heights  and  decreases  with  an  increase  of  thickness 
of  the  layer  during  the  day  in  summer. 
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Using  the  uniform  geometrical  theory  of  diffraction 
the  radiation  levels  of  the  electric  vibrator  above 
a  metal  rectangular  screen  in  separated  definite  direc¬ 
tions  in  far  field  zone  have  been  calculated  when 
changing  sizes  of  the  screen  over  wide  ranges.  It  is 
shown  that  the  interference  oscillations  of  the  lateral 
radiation  amplitude  take  place  when  the  side  screen 
ratio  values  are  in  definite  interval,  depending  on  a 
given  observation  direction.  There  were  worked  out 
algorithms  and  programs  of  calculating  the  depencies 
of  field  amplitudes  in  the  given  observation  directions 
on  the  ratio  screen  sides  for  fixed  size  of  one  of  them. 
Normilized  amplitude  directive  patterns  were  calcu¬ 
lated  under  the  rectangular  screen  having  optimum 
sizes  at  different  distances  between  the  vibrator  and 
screen, 

1.  INTRODUCTION 

The  problem  of  radiation  suppression  in  definite 
separated  direction  is  actual  and  important  for  provi¬ 
ding  noiseless  and  EMC  RES  of  different  frequency 
bands  and  of  different  functional  operations.  Based  on 
the  uniform  geometrical  theory  of  diffraction  (UGTD) 
method,  we  have  worked  out  in  detail  a  calculation 
technique  for  the  spatial  field  distributions  in  the  far 
zone  of  a  vibrator  antenna  with  finite-size  metal  flat  or 
comer  screens  of  arbitrary  apex  angle  [1,2].  The  fast¬ 
acting  algorithms  of  account  by  tliis  method  allows  to 
carry  out  the  numerical  analysis  of  radiation  in  any 
direction  of  observation  in  dependence  on  two  sizes  of 
the  screen  and  situation  of  tlie  vibrator  concerning  it. 
The  developed  algoritluns  yields  reliable  results  begin¬ 
ning  with  screen-sizes  of  the  order  of  tlie  wave  length 
for  the  vibrator  in  this  case  at  a  distance  from  tlie 
screen  of  not  more  than  0.3X.  With  increasing  the 
screen-sizes,  accuracy  sufficient  for  practice  is  provided 
even  for  a  greater  distance  of  tlie  vibrator  from  the 
screen.  Analysis  of  the  Front  to  Back  Ratios  of  the 
radiating  system  vibrator-screen  in  [3-5],  when  chang¬ 
ing  sizes  of  the  screen  over  wide  ranges,  has  proved 
possibility  of  sufficient  decreasing  levels  of  the  back 
radiation  by  means  of  choosing  an  appropriate  ratio  of 


screen  sides.  Using  the  UGTD  method  we  analyze  now 
a  physical  possibility  of  the  radiation  suppression  in 
arbitrary  definite  direction  of  shadow  half-space  by 
varying  the  screen  sides  ratio. 

2.  METHODOLOGY 

As  a  theoretical  model  of  the  radiating  system  we 
use  a  metal  infinitly  thin  rectangular  screen,  excited  by 
electric  dipole  located  on  the  height  h  over  the  screen 
center  and  oriented  parallel  to  the  one  of  the  screen 
edges.  Z-axis  is  directed  along  the  screen  normal  while 
X-  and  Y-  axes  arc  directed  along  W  and  L  screen 
sides,  correspondingly.  The  angle  0  is  measured  from 
the  screen  normal  and  the  angle  q>  lies  in  the  screen 
plane.  Within  the  frame  of  UGTD  method  the  field  in 
arbitrary  direction  is  determined  as  a  superposition  of 
geometrooptical  (GO)  and  diffracted  on  tlie  screen 
edges  fields: 

^dif  ■^■^3,4  '*■-^12  ■*■•^21  ■*■•^34  "*■ -^43  • 

Here  Ei,2  and  £3,4  -  singly  diffracted  waves  excited 
under  diffraction  of  the  incident  and  reflected  waves  on 
each  of  tlie  four  edges  of  the  screen,  and  E12,  E34,  E21, 
E43  -  twicely  diffracted  waves  on  its  parallel  edges. 

The  spatial  radiation-patterns  are  defined  by  bound¬ 
aries  "light-shadow"  of  each  of  tlic  field  components 
depending  on  screen  sizes  and  vibrator  positions.  In  the 
shadow  region  of  the  GO  dipole  field,  for  a  general  case 
in  each  cross-section  cp  =  const  there  are  the  angle  8 
sectors  (I),  where  the  field  is  contributed  by  the  waves 
diffracted  only  on  the  edges  (1,2),  vrich  are  parallel  to 
the  dipole;  sector  II,  where  the  field  is  contributed  by 
the  waves  diffracted  only  on  the  edges  (3,4),  wich  are 
transverse  to  the  dipole;  and  sector  (III),  where  the  field 
is  a  superposition  of  all  edge  fields.  The  diffracted  on 
the  1,2  edges  fields  do  not  depend  on  the  lengtlis  W, 
From  physical  points  of  view  is  clear  that  we  may 
minimize  the  radiation  in  definite  direction  of  angle 
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sectors  II  and  III,  when  electromagnetic  fields  dif¬ 
fracted  on  tlie  transversal  or  orthogonal  screen-edges 
are  opposite  in  phase  having  equaled  amplitudes.  The 
diffracted  on  the  screen  edges  field’s  form  the  shadow 
cones  with  apex  angle  P  wich  are  determined  by  the 
screen  side’s  ratio  and  dipole  distance  from  the  screen. 


Pj  2  =  arct  Hh^*(Ln)y(w  nf 
P34  =  arct  g[^(A’+(»'/2f)/(L/2)= 


.  (2) 


Each  defined  direction  of  observation  0  corresponds  to 
the  light  and  shadow  boundary  of  the  edges  (located  on 
its  shadow  cone  surface)  for  fixed  dipole  location  rela¬ 
tively  to  the  screen  for  definite  screen  sides  ratio  (W/L)b 
It  means  that  in  definite  direction  the  diffracted  on  1,2 
edges  field  contributes  the  whole  field  only  for  W/L  > 
(W/L)  bi,2.  The  diffracted  on  the  3,4  edges  fields  con¬ 
tribute  when  W/L<  (W/L)b3.4.  From  (2)  for  fixed  h  and 
L  the  following  condition  should  be  satisfied: 

-h  1}  cosfijsin  d 

I7bl.2  =  — - 1 -  (3) 

Wb,4=  0)  2 

So  the  whole  field  is  determined  in  sectors  I,  II  by 
interference  of  the  fields  diffracted  on  the  1,2  or  3,4 
edges  only,  and  in  sectors  III  by  interference  of  the 
fields  diffracted  on  the  all  screen  edges. 

W/L>.(W/L)bi,2  sector  I(  £1,2  ); 

W/L<(W/L)b3.4  sector  II  (E3.4)  (4) 

(W/L)bi.2  <  W/L<  (W/L)b3,4  sector  III  ( E,,2 ,  E3,4  ). 

3.  ANALYSIS  OF  THE  CALCULATION  RESULTS 

Efficient  algorithms  and  computer  codes  for  calcu¬ 
lation  and  analysis  of  directional  properties  of  dipole 
antennas  with  the  plane  screen  have  been  worked.  Fig.  1 
shows  the  radiation  levels  dependencies 
V  =  201g  ( lE(0,(p)  I  /  |E(0,0)  I)  on  the  screen  sides  ratio 
W/L  in  the  plane  (p  =  0®  in  the  directions  6=120°, 
0=150°  0=170°,  0=180°  for  various  values  L.  For 
defined  angle  0  the  ratio  (W/L)bfrom  (3)  stays  constant 
when  changing  L  (for  L>1  ).  For  directions  0=120°, 
0=150°  0=170°  the  values  (W/L)b.i,2  are  equaled  1.9; 
0.96;  0.18,  correspondingly.  So  in  thise  directions  for 
W/L<  (W/L)b.i,2  the  whole  field  is  determined  by  tlie 
field  diffracted  on  the  edges  3,4  only  and  for  large  W/L 


by  interference  of  the  field  diffracted  on  the  all  edges. 
In  direction  6  =  180°  the  field  amplitude  equaled  to  the 
whole  diffracted  field  amplitude  at  any  PF/L. 

The  calculated  normalized  radiation  patterns  of  the 
main  radiation  field  component  in  the  plane  cp  =  0°  are 
shown  in  Fig.2  for  the  screen  L=X  at  the  dipole  distance 
h=  0,05X  (the  curves  1,2,3)  and  h=  0,25X  (the  curves 

4.5.6)  for  the  screen  sides  ratios  (W/L)opt,  which 
provide  minimal  radiation  for  the  observation  angles 
0=120°, 150°,180°,  There  are  (W/L)opt  =  1.66  for  6  = 
120°  ( the  curves  1,  4  ),  (W/L)opt=  1  for  0  =  150°  ( the 
curves  2,  5  ),  (W/L)opt  =  1.9  for  0  =  180°  (the  curves 

3.6) . 

4,  CONCLUSIONS 

There  have  been  worked  out  algorithms  and  pro¬ 
grams  allowing  investigating  radiation  characteristics 
of  the  vibrator  antennas  having  screens  with  high 
accuracy  at  any  observation  direction.  The  calculated 
dependencies  of  the  radiation  level  for  the  dipole  above 
the  screen  in  dependence  on  the  screen  sides  ratio  W/L 
prove  a  possibility  of  the  radiation  suppression  in 
shadow  half  -  space  for  the  arbitrary  direction  0,  (p, 
when  tlte  whole  field  in  this  direction  is  determined  by 
interference  of  the  fields  diffracted  on  the  all  screen 
edges.  It  takes  place  when  the  side  screen  ratio  values 
are  in  definite  interval,  depending  on  a  given  observa¬ 
tion  direction. 
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Fig.l.  Dependencies  of  V  on  the  screen  sides  ratio  W/L  in  the  plane  9  =  0  °  in  the  directions  0  =  120®(a),  150®(b), 
170®(c),  180°(dX  when  L  =X,  2X,  3X,  4X,  5X  (correspondingly  the  curves  1,2, 3,4,5)  and  h  =  0,05^. 


Fig.2  Normalized  amplitude  directive  patterns  in  optimum  cases. 
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The  subject  of  the  paper  are  results  of 
investigations  of  the  influence  of  the  atmospheric 
refraction  and  the  synoptic  situation  on  the 
propagation  conditions  of  VHF  and  UHF  radio 
waves  in  the  south  Baitic  area  and  the  coastal 
region  of  Poland.  The  obtained  resuits  show  that 
the  atmospheric  circulation  affect  the  correlation 
between  the  fieid  strength  and  the  radio  refractive 
index  substantial.  This  phenomena  was  analyzed 
having  in  view  its  utiiization  by  forecast  of 
propagation  conditions  of  radio  waves  in  the  region 
of  south  Baltic.  The  influence  of  air  mass  was  of 
less  importance. 

1.  INTRODUCTION 

A  great  importance  for  the  analysis  of  fulfilling  of 
EMC  conditions  in  radio  communication  systems  in 
the  VHF  and  UHF  bands  has  the  distribution  of  the 
atmospheric  refraction  in  the  region  of  interest  [1]. 
The  atmospheric  refraction  affect  the  propagation 
conditions  in  the  above  mentioned  frequency 
bands,  especially  at  the  sea  and  in  coastal  regions 
[21, [3]. 

To  obtain  data,  suitable  for  the  coastal  region  of 
Poland,  a  comprehensive  study  of  the  radio  climate 
of  that  region  has  been  carried  out  at  the  Technical 
University  of  Gdartsk.  The  obtained  results,  which 
related  to  problems  connected  with  the  time 
distribution  of  the  radio  refractivity  of  the 
atmosphere,  as  well  as  of  the  gradient  of  the  radio 
refractive  index  in  a  thin  near  the  ground  iayer  of 
the  atmosphere,  has  been  soon  presented  in  detail 
[4]. 

An  important  part  of  the  related  here  study  are 
investigations  of  propagation  conditions  of  m-  and 
dcm-waves  in  the  south  Baltic  area.  An  attempt 
had  been  undertaken  to  examine  the  regression 
and  the  correlation  between  statistical  parameters 
describing  the  field  strength  records  and  the 
parameters  characterizing  the  atmosphere 
refraction  at  the  same  time.  The  aim  of  this  paper 
is  to  present  some  results  of  the  study,  from  this 
point  of  view. 


2.  THE  RESEARCH  METHOD 


The  presented  in  this  paper  results  were 
obtained  analyzing  records  of  the  field  strength  of  a 
radio  broadcasting  station  in  south  Sweden  at  the 
frequency  96.7  MHz.  The  propagation  path 
Emmaboda-Gdartsk  of  320  km  length  is  a 
transhorizon  path,  in  majority  a  sea  path  [5]. 

The  records,  each  30  minutes  long  in  time, 
originate  from  the  summer  season  because  of  the 
large  variability  o  the  distributions  of  the 
atmospheric  refraction  in  that  period.  Each  record 
was  the  subject  of  a  statisticai  analysis.  The  mean 
value  and  the  standard  deviation  of  the  course  of 
field  strength  of  the  30-minutes  records  were 
calculated.  The  fluctuation  of  the  field  strength  was 
examined,  too.  In  the  field  strength  records  the 
number  of  passages  of  the  course  of  the  field 
strength  through  its  mean  level  was  elaborated. 

On  the  other  hand,  parameters  characterizing 
the  atmospheric  refraction  were  used.  The  value  of 
the  radio  refractive  index  at  the  surface  N,  and  its 
wet  term  W,  were  applied.  They  were  defined  as 
follows.  The  refractive  index  N  is  given  by  the  well 
known  formula  [2] 


N: 


77, e 


p  +  4810  — 

TJ 


(1) 


where: 

p  -  the  atmospheric  pressure  in  [hPa], 

T  -  the  air  temperature  in  [K]  and 
e  -  the  partial  pressure  of  water  vapor  [hPa]. 


The  refractive  index  N  can  be  expressed  as  the 
sum  given  below 

N  =  D  +  W  (2) 

where: 

D  =  77,6-^ ,  the  dry  term  of  N  (3) 


and 


W  =  3,73 -10® —  ,  the  wet  term  of  N.  (4) 
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For  each  field  strength  record  the  corresponding 
defined  above  W-values  and  Upvalues  were 
calculated.  This  calculation  was  based  on  data 
originating  from  the  Polish  Meteorological  Service. 

The  correlation  between,  on  the  one  hand,  the 
mean  of  the  field  strength  or  the  field  fluctuation 
frequency  and  on  the  other  hand,  and  the  A/-value 
or  the  HAvalue  was  analyzed. 

Furthermore,  the  mentioned  above  data  were 
applied  in  a  regression  analysis  of  the  field  strength 
parameters  relative  to  the  W-values  and  the  W- 
values.  It  was  assumed  that  the  N-values  and  the 
tV-values  are  independent  variables. 

For  the  estimation  of  regression  coefficients  the 
least  square  method  was  applied.  The  employed 
equations,  which  present  straight  lines  can  be 
described  by  the  following  expression 

y  =  y  +  b(x  -  x)  (5) 

where: 

y  -  the  mean  value  of  the  dependent  variable, 

X  -  the  mean  value  of  the  independent  variable, 
b  -  the  slope  of  the  straight  line. 

The  coefficient  b  represent  the  mean  change  of 
the  dependent  variable  when  the  independent 
variable  changes  by  one  unit.  Therefore,  for 
propagation  analysis  reasons,  it  was  useful  to 
assume  that  the  dependent  variables  are 
parameters  describing  the  field  strength  record  and 
that  the  independent  variables  are  parameters 
characterizing  the  atmospheric  refraction. 

The  regression  analysis  were  carried  out  taking 
into  account,  on  the  one  hand,  the  field  strength 
measurement  hours  of  6“,  12°“  and  18“  UT  and 
on  the  other  hand,  -  the  synoptic  situation.  The 
synoptic  situation  was  classified  taking  into 
consideration  the  so  called  character  of  the 
atmospheric  circulation  and  the  air  mass. 

The  character  of  the  atmospheric  circulation 
depends  on  the  location  of  the  main  atmospheric 
circulation  areas,  i.e.  the  anticyclone  and  the 
cyclone  in  relation  to  the  propagation  path. 
Following  3  characters  of  the  atmospheric 
circulation  were  used; 

AA  -  the  region  of  the  propagation  path  is  covered 
by  the  center  of  a  anticyclone, 

A  -  the  propagation  path  is  under  the  influence 
of  an  anticylone  area  and 

C  -  the  propagation  path  is  under  the  influence 
of  anticyclone  area  or  is  covered  by  the 
center  of  a  cyclone. 

The  classification  of  air  masses  used  by  the 
Polish  Meteorological  Service  was  applied.  The 
following  air  masses  were  observed  mostly  in  the 
measurement  period: 

PPm  -  polar  maritime  air, 

PPms  -  the  old  polar  maritime  air 
PPmc  -  the  warm  polar  maritime  air. 


3.  CORRELATION  OF  THE  FIELD  STRENGTH 
AND  THE  RADIO  REFRACTIVE  INDEX 

The  correlation  between  the  statistical 
parameters  of  the  field  strength  and  the  /V-value  or 
the  IV-value  had  been  carried  out  for  different 
measurement  hours.  The  values  of  correlation 
coefficient  at  6“,  12“  and  18“  UT  equaled  0,27, 
0,39  and  0,52,  respectively.  These  values  are  very 
small  and  practical  insignificant. 

Therefore,  the  influence  of  the  synoptic  situation 
on  the  correlation  between  the  field  strength  and 
radio  refractive  index  was  investigated,  with  the 
aim  to  form  more  homogenous  populations  of  data. 

The  influence  of  the  character  of  the 
atmospheric  circulation  and  the  air  mass  on  the 
correlation  coefficients  had  been  examined.  The 
obtained  results  are  shown  in  Table  1,  for  the 
character  of  atmospheric  circulation,  and  Table  2, 
for  the  air  mass. 


Table  1  Influence  of  the  character  of  the 
atmospheric  circulation _ 


hour 

character  o 

atmospheric  circulation  | 

AA 

A 

C 

goo 

0,01 

12°° 

0,36 

0,43 

18°° 

0.14 

0,48 

Table  2  Influence  of  the  air  mass 


hour 

air  mass  | 

PPm 

PPms 

PPnric 

guu 

0,09 

0.10 

0,18 

12°° 

0,44 

0,15 

0.05 

18^ 

0,53 

0,45 

0,22 

The  significant  correlation  coefficients,  at  least 
at  significant  level  0.05,  are  given  in  bold  digits. 

Comparison  of  data  in  Table  1  and  Table  2  lead 
to  the  conclusion  that  the  usefulness  of  the 
character  of  atmospheric  circulation  as 
classification  criterion,  when  forming  the  object 
populations  of  data,  should  be  analyzed.  Therefore, 
in  the  related  below  results  of  the  study  the 
attention  was  fixed  on  this  aspect.  Results  obtained 
for  air  mass  population  are  not  discussed  because 
its  insubstantial  influence  on  the  correlation 
coefficients,  as  seen  from  Table  2. 


4.  REGRESSION  COEFFICIENTS 

4.1.  The  influence  of  the  character  of  the 
atmospheric  refraction  on  the  regression  of  the 
field  strength  mean  relative  to  N  and  W 

The  influence  of  the  atmospheric  circulation  on 
values  of  the  regression  coefficient  of  statistical 
parameters  of  the  field  strength  records  relative  to 
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the  W-values  and  the  IV-values  had  been 
investigated  for  all  measurement  hours 

The  obtained  object  regression  coefficients  of 
the  mean  field  strength  relative  to  the  W-value  and 
MZ-value  are  given  in  Table  3.  The  significance  of 
object  regressions  was  examined  by  means  of 
statistical  tests.  Regression  coefficients  significant 
at  least  at  the  significant  level  of  0.05  are  given  in 
bold  digits.  They  are  given  in  dB/N-unit. 

Table  3.  Regressions  coefficients  -  field  mean 
relatively  N  and  W  taking  into  account  the 
character  of  the  atmospheric  circulation 


hour 

character  of 
aymospheric 
circulation 

filed  strength  mean 

N 

W 

6°° 

AA 

0,6 

0,5 

A 

0,4 

0,3 

C 

-0.1 

0,1 

12°° 

AA 

0,2 

0,1 

A 

0,3 

0,3 

C 

0,3 

0,2 

18°° 

AA 

0.1 

0,1 

A 

0,4 

0,4 

C 

0,2 

0,2 

The  differentiation  of  data  contained  in  Table  3 
had  been  examined  by  means  of  the  covariance 
analysis.  The  question  was:  is  one  allowed  to  use 
object  regression  straight  lines  or  should  he 
construct  a  common  straight  line  basing  on  all 
data,  i.e.  the  general  population.  This  investigation 
were  carried  out  by  means  of  F-tests.  The  obtained 
results  are  given  below  in  Table  4. 


Table  4  Calculated  and  tabulated  F-test  values 
(the  field  strength  mean) 


hour 

character  of  atmospheric  circulation  | 

A/-value 

H/-value  1 

calculated 

tabulated 

calculated 

tabulated 

6°° 

3,44 

3,13 

3,13 

3,13 

12°° 

0,09 

3,13 

0,36 

3,13 

18°° 

0,42 

3,16 

1,25 

3,16 

The  comparison  of  calculated  and  tabulated  F- 
test  values  show  that  for  measurement  hour  the 
influence  of  the  character  of  atmospheric 
circulation  is  substantial  in  the  light  of  statistical 
tests.  The  examination  regression  coefficients  by 
statistical  tests  show  that  they  are  substantial  at 
least  at  significance  level  of  0,05  for  character  of 
circulation  AA  and  A  -  at  6“  UT,  and  for  circuiation 
character  A  and  C  -  at  12°°  and  1 8°°  UT. 

The  values  of  regression  coefficients  for  all 
measurements  hours  and  different  air  masses  are 
given  in  Table  5.  The  comparison  of  these  data 
with  data  in  Table  3  confirm  the  mentioned  above 


conclusion  that  the  classification  according  to  the 
air  mass  is  inadvisabie,  because  the  most 
regression  coefficients  are  insubstantial  in  the  light 
of  statistical  tests. 

Table  5.  Regressions  coefficients  -  field  mean 
relatively  N  and  W  taking  into  account  the 
air  mass 


hour 

air  mass 

filed  streng 

th  mean 

N 

W 

o 

o 

CD 

PPm 

0,1 

0,1 

PPms 

-0.1 

-0,2 

PPmc 

0,2 

-0,7 

12°° 

PPm 

0,4 

0,3 

PPms 

0.2 

-0,1 

PPmc 

-0.1 

0,1 

00 

o 

o 

PPM 

0,3 

0,3 

PPms 

0,6 

0.2 

PPmc 

0.2 

0,2 

The  regression  of  the  standard  deviation  of  the 
field  strength  relative  to  the  W-value  and  the 
WAvalue  was  not  analyzed.  This  was  a 
consequence  of  results  of  investigations  of  the 
influence  of  the  character  of  the  atmospheric 
circuiation  on  the  standard  deviations  of  field 
strength.  This  influence  is  not  substantial  in  the 
light  of  variance  analyses  [5]. 


4.2.  The  influence  of  the  character  of  the 
atmospheric  refraction  on  the  regression  of  field 
strength  fluctuations  relative  to  N  and  W 

The  regression  of  the  fluctuations  of  the  field 
strength  relative  to  the  W-value  and  MAvalue  was 
examined  in  a  similar  way,  as  in  the  case  of  the 
mean  of  the  field  strength.  The  obtained  results  are 
put  together  in  Table  5.  The  regression  coefficients 
ave  given  in  cycles  pro  hour  and  pro  W-unit. 

Table  6.  Regressions  coefficients  -  field  strength 
fluctuations  relatively  W  and  W  taking  into 
account  the  character  of  the  atmospheric 
circulation 


hour 

character  of 
aymospheric 
circulation 

filed  fluctuation 

N 

W 

o 

o 

CD 

AA 

-0,5 

-0,3 

A 

-1,9 

-1,3 

C 

1,6 

1,3 

8 

CM 

AA 

0,6 

0,5 

A 

-1.3 

-0,7 

C 

-0,6 

-0,4 

GO 

o 

o 

AA 

0,3 

0,2 

A 

-0,5 

-0,4 

C 

-1,7 

-1,5 
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The  differentiation  of  regression  coefficients  in 
Table  6  was  examined  only  for  6°°  and  12°“  UT 
only,  because  the  18°°  UT  regression  coefficients 
are  insubstantial.  The  obtained  results  are  shown 
in  Table  7.  It  was  obtained  that  the  influence  of  the 
character  of  atmospheric  circulation  on  the 
differentiation  of  regression  coefficients  is 
insubstantial. 


Table  7  Calculated  and  tabulated  F-test  values 
(the  field  strength  fluctuation) 


hour 

character  of  atmospheric  circulation  | 

W-value 

HA  value  | 

calculated 

tabulated 

calculated 

tabulated 

6°° 

2,78 

3,13 

2,05 

3,13 

12°° 

0,32 

3,13 

0,22 

3,13 

5.  FINAL  REMARKS 

The  comparison  of  values  of  regression 
coefficients  obtained  in  both  cases:  in  the  first 
case,  taking  the  A/-value  as  the  independent 
variable  and  the  second  case  -  the  IV-value  as  the 
independent  variable,  show  that  the  A/-value  and 
the  W-value  have  similar  features,  from  the 
radiometeorological  point  of  view. 

The  calculated  values  of  the  regression 
coefficients  are  similar.  Furthermore,  the 
regression  coefficients  in  both  mentioned  above 
cases  are  significant  for  the  same  objects,  in  the 
light  of  examination  by  means  statistical  tests.  And, 
on  the  end,  the  influence  of  the  character  of 
atmospheric  circulation  on  the  differentiation  of  the 
object  regression  coefficients  taking  the  A/-value  or 
the  UAvalue  as  independent  variables,  is  similar, 
too. 

The  presented  results  show  that  the  /V-value 
and  IV-value  can  be  taken  interchangeably,  when 
analyzing  propagation  conditions  of  radio  waves  in 
the  VHF  and  UHF  bands  in  the  south  Baltic  area. 

A  part  of  the  object  regression  coefficients  is 
insubstantial  in  the  light  of  statistical  tests.  An  effect 
to  this  result  have  that  that  in  the  related  study  data 
originating  from  individual  records  have  been 


statistical  tested.  This  was  necessary  because  the 
relative  short  time  of  the  propagation 
measurements.  Using  month  mean  obtained  in  a 
suitable  long  time  (in  place  of  single  record 
means)  the  annual  cycle  of  the  described 
phenomena  could  be  recognized.  In  this  way 
obtained  knowledge  about  the  radiometeorology  of 
a  region  of  interest  is  important  for  the  fulfiliing  of 
EMC  conditions  when  planning  radiocom- 
muniacation  systems. 
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Two-dimensional  problem  of  the  perfect  conducting 
nonlinear  loaded  circular  cylinder  coated  with  the  dielectric 
exciting  is  solved  with  the  irUegral  ecjuations*  method.  Its 
shown  that  dielectric  coating,  which  depth  and  dielectric 
permittivity  correspond  to  the  surface  wave  exciting  at  the 
harmonic’s  frequency,  changes  the  cylindrical  nonlinear 
radiator’s  pattern  and  raises  electromagnetic  field  (EMF) 
level  at  the  harmonic ’s  frequency. 

1.  INTRODUCTION 

Spurious  nonlinear  loaded  anteimas'  radiation  and 
nonlinear  scattering  research  is  usually  limited  to  the  short 
distance  to  the  receiving  system  because  of  small  radiated  at 
hannonic’s  frequencies  EMF  levels  relative  to  fundamental 
frequency  one.  As  a  rule,  electromagnetic  compatibility 
(EMC)  problems’  urgency  rises  only  as  receiving  device 
energy  characteristics  increases.  From  earlier  researches  it 
follows  tliat  harmonic  levels  of  EMF  radiated  by  nonlinear 
loaded  antenna  increases  with  either  exciting  soiuce  amplitude 
increasing  or  changing  nonlinear  load  parameters  by  moving 
the  workmg  point  to  the  steeper  section  of  the  voltage-current 
characteristic  ( VCC). 

In  the  last  case  electro-phisycal  parameters  of  loads 
founded  may  only  be  recommended  for  synthesizing  of 
appropriate  semiconducting  devices. 

We  found  another  one  reason  of  tlie  hannonic’s 
frequency  spurious  radiation  for  nonlinear  loaded  antennas 
and  scatterers  with  circular  cylindrical  shape  and  dielectric 
coat  when  EMF  source  and  nonlinear  loads’  parameters  are 
invariant.  It  hides  in  the  known  dispersion  properties  of  the 
dielectric  coated  cylinder  [3]. 

Electrodynamics  problem  analysis  of  the  excitation  of 
the  perfect  conducting  dielectric  coated  cylinder  loaded  with 
nonlinear  narrow  slots  parallel  with  the  cylinder’s  element  is 
carried  out  in  two  steps.  At  first  tlie  EMF  radiation  problem  of 
tlie  magnetic  cunrent  filament  on  the  surface  of  perfect 
conducting  dielectric  coated  cylinder  is  posed  (filament  is 
used  as  a  model  for  secondary  current  in  the  nonlinear  load).  It 
pemiits  us  to  find  the  coat  with  the  greatest  ratio  of  the  EMF 
levels’  at  hannonic  frequencies.  It’s  the  best  conditions  for 
radiation  of  field  hannonic  generated  on  radiator  nonlinear 
loads.  We  solve  then  the  excitation  problem  of  tlie  cylindrical 
nonlinear  loaded  dielectric  coated  radiator.  At  last  we  can  find 
pattern  and  scattering  pattern  (SP)  of  tlie  nonlinear  radiator 
with  given  coat  parameters.  Analysis  of  the  pattern  and  SP 
changings  and  possibilities  of  radiated  EMF  hannonic  level 
increasing  is  of  a  practical  interest. 

2.  BOUNDARY  PROBLEM 

We  have  infinite  perfect  conducting  circled  cylinder  of 
a  radius.  On  the  surface  of  the  cylinder  tliere  are  M 
nonlinear  parallel  with  the  cylinder’s  element  homogeneous 
loads  having  in  cylindrical  co-ordinate  system  (CCS) 

(fl, Acp^)  co-ordinates  (fig.l),  q  =  ,  where  A(p^  is  an 

angular  load  width.  Let’s  consider  loads  to  be  narrow 
nonlinear  slots.  Loads’  parameters  are  defined  witli  the 
following  polynomial  VCC: 


Fig.  I 

v=0 


Here  VCC  parameters  a^  b^.  link  the  cuirent  i"^  which  Hows 

tlirow  tlie  nonlinear  load  (transversely  the  slot)  with  tlie 
voltage  w  on  the  slot’s  edges. 

Cylinder  is  coated  with  tlie  dielectric  layer  with 
b  (b>a)  external  radius  and  parameters.  Let’s 

call  r=b  surface  as  S.  Primary  source  at  co  frequency  is  placed 
in  the  homogeneous  on  z  co-ordinate  V  j  volume. 

Tlie  problem  is  to  find  the  EMF  at  fundamental  and 
harmonic  frequencies  in  the  observation  point  p  for  the  given 
external  source  with  given  object  present  considering  exterior 
volume  with  homogeneous  parameters. 

Volume  inside  tlie  dielectric  coat  is  indicated  as  /  and 
outside  it  as  F2  .  Let’s  put  the  primary  source  in  l'\ .  Taking 
into  consideration  that  the  problem  is  two-dimensional  we  can 
obtain  for  observation  points  pj  G  following  integral 
relations  for  EMF  at  «0)  frequency; 

where  integration  on  cp'  is  performed  on  surface  5,  .  // "1, 

stands  for  auxiliary  fields  of  elemental  2-D  magnetic  radiator 
at  rtco  frequency  («  is  a  hannonic  number)  placed  in  the  point 

P2  e  K2 »  surface  currents  on  S  when  r=b+0. 

In  K|  volume  we  have; 

_ _ _  -  (2) 


638 


where  in  the  second  addend  we  perforai  integration  on  the 
surface  S  and  in  the  third  one  on  5,  ;  stands  for 

auxiliary  fields  of  the  elemental  2-D  magnetic  radiator  placed 
in  the  point  /?)  e  Fj ;  are  surface  cuirents  on  surface  S 

when  r-b-0  and  are  surface  currents  on  nonlinear  loads. 

Auxiliary  fields  £  ,  //^  are  chosen  to  comply  the  boundary 
conditions  on  the  perfect  conducting  cylinder  surface  with  r^a 
radius. 

Let’s  take  into  account  continuity  conditions  for  tangent 
field  vectors’  components  on  surface  S  when  r-~b.  Besides 

surtace  ciurents  and.  7^2^  in  (1)  and  (2). are  equal  but 

have  different  directions.  Calling  > 

choosing  -bj^^b  and  putting  observation  point  on  the 
surface  S  we  obtain: 


where  assumed  that  due  to  narrow  of  slots  on  (p  co>ordinate 
magnetic  current  flows  only  along  z  co-ordinate  the  last 
integral  may  be  represented  as  sum  of  integrals: 

_  _  A/ 

j -  z  <7 = i-M- 

ip' 

Putting  the  observation  point  P2  on  the  nonlinear  load 
surface  wath  number  q  and  choosing  b2  -  L  we  get  from  (2): 

+ 1  +  (4) 

<p' 

M=lA<p, 

Or  using  nonlinear  boundary  conditions  (that  can  be  obtained 
with  the  method  given  in  [5])  on  the  q  nonlinear  load’s  surface 
and  doing  tlie  same  procedure  for  M  loads  we  obtain  M 
equations  of  such  type: 


Acp,a4,../”,  + 

.5=  -CO 

+c„,a-’Acp^^  = 

.5= -fO 

_  _  _  _  w 

= j  +z  J  - 

<p' 

) 

where  A„,B„,C,j  are  coefficients  defined  by  nonlinear  load 
parameters  as  A/j  =  =  Oj  +/nca62  > 

C,7  =  a 2  . 

Equations  (3),  (5)  are  the  system  of  nonlinear  integral 
equations  (SNIE)  about  unknown  surface  currents  on  S  and 
,S',. 


Wlicn  the  cylinder  is  exciting  witli  the  primary  source 
placed  in  ip  in  a  similar  manner  we  get  the  following  system 
of  integral  equations: 


Sj  tp' 

<p' 

-A9=«¥i„.,  Z*/,”¥™«p  + 


(6) 


+c„,«^a(p:,  = 

r|  =  -a.>  ^  =  -cc< 

M 


(7) 


For  the  auxiliary  field  we  take  the  field  of  in- 

phase  magnetic  current  filament  placed  between  two  coaxial 
perfect  conducting  cylinders  of  a  iind  b  radiuses  when  the 
space  between  cylinders  is  filled  with  the  dielectric  with 

parameters  .  For  the  auxiliary'  filed 

tiike  the  field  of  in-phase  magnetic  current  filament  with 
perfect  conducting  cylinder  of  b  radius  (in  CCS  center)  present 
placed  in  the  space  with  parameters  [6].  'faking  into 

consideration  auxiliary'  filed  components  the  first  integral  in 
the  right  side  of  (3)  contains  only  addend 

and  the  first  integral  in  the  nght 

side  of  (5)  contains  only  addend  In  the  same 

manner  (6),  (7)  are  transformed. 

With  chosen  auxiliary  fields  systems  of  nonlinear 
integral  equations  are  solved  about  z  component  of  magnetic 
currents  on  cylinder  with  f-b  and  nonliiieai'  loads. 

Auxiliary  field  in  P]  volume  that  is  the  field  of  in-phase 
magnetic  current  filament  placed  between  iw'o  coaxial  perfect 
conducting  cylinders  of  a  and  h  radiuses  and  in  parallel  tlieir 
axis  rnusT  satisfy  the  boundary  conditions  for  tangent 

component  of  E  vector  when  r  -  a  M.  It  can  be  v\TiUen  as 
fol  low's: 

Jc 

(r,(p,r',a)')  = - 

*'  4M'] 


A)-- o)7;„(A-, A) 


X  (X) 


(J„,(A-,r')/f  f  ’  (AV2)  - (A-/')y:,  (A-,7>))  X 

a  <r  <  r'\ 

(k,r)Hf\k,b)  -  Mi;>(k,r).rjk,h))  x 

X  (y,„  (A’,r')/7,f  >(/.•,«)  -  //i-’  (/.•,/)./;„  (A'l  f7)) 

r  <r  <b\ 


Here  as  further  w'c  use  A'|  2,  ^7)r  propagation  coefficient 

and  characteristic  impedance  in  Kj  2  volume  and 

J ni  for  Bessel  and  Hankel  functions. 

Let’s  consider  the  solution  of  the  SNIE  w'ith  the  moment 
method.  Base  functions  for  unknown  currents  can  be  taken  in 
the  form  of  piece  comstant  functions  (w'e  consider  the  cuirciu 
on  tlie  each  nonlinear  load  to  be  constant  on  the  whole  load 
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and  ciurent  on  the  surface  r  =  h  to  be  unifonn  on  sections 
Acp  (Acp  Z?  « .  For  die  test  functions  vve  take  6- 
functions.  Then  from  (3),  (5)  we  obtain  the  following  system 
of  nonlinear  algebraic  equations  (SNAE); 

M 

v=l  ^.=1 


M 


(9a) 


4=-co  S  =  ~<^  (.1  =  1 


w 


m  ^da 
nvg 


F^;:,  q  =  \..M, 


2/7r^F'i 


^  {/m  (^l'■0  -  J'm  (^I  «)^m  ))at  /-  =  b. 


p2ci,b 

'  V/J 


=  5 


±] 

n 


^0  'Y  ^  w((p^  -tpo )  (^2^0  ) 


and  from  (6),  (7)  we  get  SNAE: 

M 

S*^^'^2vzPhv-!1  ~  ^ 

V=1  (.1=1 

-  Acp^«'5,.,  Z  J™,  J;.,,,  + 

A'=  -CO 


M 


(9b) 


+Acpf,«^c,.,  z-^.;^r-.<,.-z^.;.p 

4=^-«*  4- -CO  (.1=:) 

,V 

+  Z-^,n2..pX=0’  c?  =  l...V/. 


with  the  following  coefficients; 

<Pj,+Acpj,/2 

P«M<;  =  J  («>  tP,  = «.  9')«^¥  = 


/i).u2 


Acp^, 


2/7r['F. 


^sinc(Acp^^/?//2) 


«1  m--co 


■^Imn 


9^.+A(py/2 


pX  =  J  ^n\z  (^.  9<,  .*=  cp')6c/cp'  = 

(Pv -•A(p^/2 

CO  /n/((p,.-(p,^) 

Z  sinc{Acp/H/2)-^-- - 


Acpv 


7C  i7i=-co 


^  Inin 


p“w.  =  J(//:-/(^,9,,6,9l+//,l!(6,9,,/>,9’))W  = 

{p„  -A(p^  /2 


2/71 H- 


/?! 


_  (( j„,  (^„iZ>)//  ;<-)  (^'„,  a)  -  ( j;,  (fe„,  g)/f  (/<„,(>)) 


]  W?M 


AcPv 


bit  _  nb 
Pm»<7  Pnvqr 

where  sinc(x)  =  sin(x)/x  . 

Wlicn  the  system  is  excited  widi  the  magnetic  current 
filament  with  co-ordinates  ( , cpQ )  we  have: 


The  solution  of  the  SNAE  (9)  gives  us  unknown  harmonic 
values  of  the  magnetic  surface  currents  on  loads  tuid  on  die 
dielectric. 

3.  PATTERNS  AND  SCATTERING  PA  TTERNS 


For  considering  problem  fields  in  Is  volume  may  be 
found  by  tw'o  w'ays:  1)  as  a  sum  of  fields  of  primary  source 
and  fields  of  secondary  sources  wdiich  ai'e  maonetic  surface 
cuiTents  on  nonlinear  loads  w'ith  the  help  of  auxiliary  field  for 
the  dielectric  coated  cylinder;  2)  using  equivalent  surface 
current  theorem  for  surface  currents  on  the  dielectric  layer 
loLinded  from  the  SNAE  solution;  in  diis  case  for  the  auxiliari' 
field  we  must  take  field  of  a  perfect  conducting  cylinder  of 
radius  b. 

hi  the  first  case  we  can  look  on  founded  nonlinear  loads' 
magnetic  cuirents  as  being  magnetic  currents’  sheets  on  the 
surface  of  cylinder  r  =  a  .  So  we  have; 

bH(p)zz  H'n'°dS'  +  Y,JZz  (10) 

Sj  ,4(|., 


where  the  auxiliary  field  detenmiied  as  field  of  die  magnetic 
current  filament  on  the  dielectric  coated  cylinder  is: 

//r-\r,cp,/'',9') = X 
H-;;;\k,a)H^\k.b) 

I  ^Jn,ik,b)H'^;\k,a)  -  H[;\k,b)J'„,(k,a)) ^ 

1  ^\m 


Hf\k,b)H^\k,b)  -^Hl^\k,b)Hf>(k,b) 

yy\ 


r(Vr 


IV. 


r>b-. 


w'hore 

Zi„,  =  ^^ir,V(k2b){JJk,b)H'P(k,a)  - 

-Hl^Hk,b)J'Jk,a))-II^^\k,b)x 
X  (J'Jk,b)H-}r\k,a)  -  H‘}^\k,b)J'„,{k,a)). 

Let’s  perform  the  integration  m  (10)  m  the  case  of  excitation 
by  the  filament  of  the  magnetic  current  (with  amplitude) 
flowang  along  z  co-ordinate  and  find  patleni  of  the  structure 
when  r—^oo.  The  expression  is  nonnalized  to 

yj2/nk2re~‘^^-^'''^''^^  that  allows  us  to  compare  patterns 
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of  n's  EMF  hannonics  for  equal  physical  distances  to 
observation  point.  We  get 

E®'"  COS(7«((p-  cpo))?"”"'"  X 
yiKOlVx  ^,  =  0 

2„,  1 


+ 


9=1 


(11) 


xl 

m~0 


e„,  cos(7;)(cp  sinc(Acp^  y) 


where  values  are  detennined  by  the  solution  of  the 


system  (9),  5^/  is  the  Ki'onecker  s>anbol. 

Let’s  find  SP  of  the  nonlineiir  loaded  dielectric  coated 
cylinder.  Assume  that  the  external  magnetic  current  filament  is 
placed  at  infmity  ( /-j-,  — >  oo  ).  As  in  the  case  of  patterns  there 


are  two  ways  to  find  SP.  Wlien  r  — >  00,^^  — >  oo  we  take  SP 
at  fundamental  frequency  as: 


Fvi  (q>)  - 


(Ha) 


4,  NUMERICAL  RESU1..TS 

At  first  let’s  analyze  patterns  for  cylinder  without  loads. 
The  aim  is  to  determine  parameters  of  the  dielectric  coat  for 
the  best  EMF  radiation  for  tlie  source  on  the  pcifed 
conducting  cylinder’s  surface  at  multiple  frequencies.  That  is 
we  find  parameters  of  tlie  dielectric  for  which  field  strengths' 
ratio  at  the  multiple  frequencies  has  a  maximum.  For  the  coal 
with  (a-b)fa<  10  %  (a  =  3  cm,  /)  -  3.3  cm) 
dependencies  of  the  EMF'  of  identity  magnetic  cuiTcnl 
filaments  on  the  cylinder  surface  on  dielectric  pernnttiviU  a 
shown  on  the  fig. 2  for  ciinent  frequencies  of  3,125  GHz,  6,25 


Fig.2 


and  at  hannonics’  frequencies  as: 


r;w(^(p)  = 


F/„,('%fp) 


V2/7t/>2. 


re 


m/4, 


(lib) 


where  ffl.(r,cp)  is  strengtli  of  magnetic  field  fallen  on  the 
cylinder,  // 

’  “  41V,  ]lnk,r, 

when  we  find  EMF  in  the  first  way.  Perfonning  the  integration 
in  the  fu  st  addend  of  the  right  side  for  r  >r^>b  wc  obtain; 

</) 

(<P)  =ZSm“S(7'i((p-(Po))(-l)"'  X 

m=0 

X  J./;„  {k,b)H'!;^\k,a) -J-„  {k,a)Hf\k,MJ'.  ik,b)  - 


W\ 

xJ’„,(k,b)\/Z,„  Acp.,  X  (12a) 

W^n-k^bblQ 

JL  sinc(A(p.wi/2) 

X  £e„,/"'cos(w(q)-(p.,)) - -2 - ; 


1 


>ln 

M  CO 

q-\  m-0  ^ 


W„AbH, 

sinc(A9^/?i  /2) 


(12b) 


If  w'e  introduce  in  (12)  the  equal  nonnalization  it  allows  us  to 
compare  SP  of  llie  scattered  field  at  the  equal  distance  r.  hi 
that  case  scattered  field’s  relative  level  not  only  determined  by 

distance  but  also  dependence  of  tlie  ratio  on  H 0 

w'hich  is  nonlinear. 


GHz  and  9,375  GHz  (layer  conductivity  a=0  and  0,05).  There 
arc  several  extrema  at  9,375  GHz  that  correspond  for 
maximum  differences  of  field  levels  at  frequencies  ol  .\125 
GHz  and  9,375  GHz.  As  known  (3,4 J  the  reason  of  field 
increasing  at  extremum  points  may  be  surface  delayed  waves 
appeared  on  the  dielecU'ic  layer  w^hich  in  the  observation  point 
produced  addition  radiation;  or  it  may  take  place  due  to  damp 
out  of  the  surface  waves  w4ien  there  arc  losses  in  tlie 
dielectric.  Indeed,  from  fig.2  w'e  can  sec  that  in  presence  of 
loss  (a=0,05)  peaks  in  extremum  points  arc  cut  relative  to  the 
no  loss  case.  In  the  same  time  other  graph  parts  are  invariant 
because  the  field  on  lliem  doesn’t  caused  by  surface  waves 
radiation.  Calculated  surface  current  amplitude  and  phase 
pattenis  at  c=9,888;  8,962:  7,928  {a  =3  cm,  h  =3,3  cm)  in 
extremum  points  show'  that  two  waves  propagated  from  the 
source  in  opposite  directions  aptiear.  Superposed  on  one 
another  they  give  standing  wave  on  the  layer  surface.  Surface 
w'ave  slowness  factors  are  1,834;  1,69;  1,53  respectively. 

Nonlinear  loaded  dielectric  coated  cylinder’s  patterns 
which  is  excited  by  the  magnetic  current  filament  placed  in  the 
dielectric  v\5th  parameters  e  =  7,928  and  9,888  (tliis  values 
correspond  with  the  extremum  points  of  EMf’  de|XJndence  on 
c  at  frequency  of  9,375  Gliz)  are  showni  on  the  fig. 3.  Piiinaiy 
current  frequency  is  3,125  GHz,  current  amplitude  is  0,05  V. 
Nonlinear  load  with  cubic  VCC  w'as  used  and  thus  EMI’  w'as 
detenninated  only  on  first  and  tliird  hamionic  frequencies. 
There  is  also  pattems  of  cylinder  with  the  same  nonlinear  load 
but  without  coaling  on  the  fig.3  (the  palteni  for  t:  =  1  is 
indicated  by  the  dashed  line).  Patterns  for  coated  cylinder  arc 
compared  with  them.  We  notice  from  the  fig.3  that  at  first 
radiation  field  at  third  harmonic  frequency  is  determined  by 
surface  waves  excited  on  tlie  layer.  At  second  field  amplitude 
in  directions  of  maximum  of  patient’s  lobes  exceeds  the  same 
one  for  cylinder  witliout  coating  by  8... 20  dB  in  tlie  backward 
direction  and  more  than  10... 30  dB  in  the  shadow'  area. 
Relative  level  of  tlte  EMF  at  tJiird  hannonic  frequency 
compared  to  fundamental  frequency  one  increases.  At  tliird 
EMI"  level  relative  increasing  (for  example  for  (p=0^)  wiieii 
K  is  given  compared  to  the  EMI"  for  e  =1  is  muclt  less  than  il 
may  be  assumed  from  the  comparing  field  levels  on  fig, 2.  U 
takes  place  because  at  e  changes  EMF  radiation  coitdi lions  and 
secondary  currents  on  nonlinear  load  excitation  conditions  are 
change  also.  Amplitudes  of  currents  on  the  load  at  hannonic 
frequency  w'hen  e  has  values  mentioned  above  arc  much  less 
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then  for  s  =1.  Consequently  EMF  amplitude  essentially  (more 
than  10  dB)  decreases  when  small  losses  exist  in  tlie  layer 
(fig.4:  e=  7,928,  G=0, 05). 

Field  increasing  at  tliird  harmonic  compared  to  uncoated 
cylinder  case  and  field  level  changing  compared  to  the  field  at 
the  fundamental  frequency  are  influenced  by  the  layer  depth 
and  the  primary  source  position  relative  to  the  nonlinear  load 
(when  other  cylinder  and  coat’s  parameters  are  invariant).  The 
closer  the  primary  source  to  nonlinear  load  the  more  field 
increasing  at  hannonic  frequency  and  the  less  one  at  co 
frequency.  Thus  coating  the  perfect  conducting  cylinder  with 
dielectric  layer  wliich  depGi  and  b  correspond  to  excitation  of 
the  surface  waves  at  hannonic  frequency  on  the  layer  surface 
effects  cylindrical  nonlinear  radiator’s  patterns  changes  and 
EMF  level  at  hannonic  frequency  increasing.  Under  tiiese 
conditions  essentially  unifonn  radiation  at  hannonic  frequency 
for  any  observation  angles  is  taken  place  (when  radius  b  is 
small  in  comparison  with  \)  and  patterns  shape  at  the 
fundamental  frequency  doesn't  change  a  lot. 

Let's  consider  now  scattering  patterns  of  the  nonlinear 
loaded  dielectric  coaled  cylmdei'  with  the  same  c  parameter  as 
it  was  for  patterns.  Scattering  patterns  for  these  cases  and  ones 
for  cylinder  without  coat  are  shown  on  fig.  5. 

Investigations  show  tliat  coating  tlie  cylinder  with 
dielectric  layer  produces  secondary  surface  current  density  at 
hannonic  frequency  decreasing.  It  takes  place  due  to  exciting 
EMF  level  decreasing  near  tlie  load  for  e>l .  In  EMF  scattering 
case  on  the  stnictme  with  £>1  decreasing  of  the  density  of  the 
secondary  current  on  the  load  exceeds  the  exciting  case  one  by 
tens  dB  for  equal  e  (because  in  tliis  case  the  source  is  placed 
far  from  tlie  load).  Thus  the  scattering  field  at  hannonic 
frequency  (3/=9,375  Gldz)  in  the  most  cases  is  less  than  one 
for  cylinder  without  coating  by  tens  dB  in  tlie  backward 
direction  and  has  comparable  level  in  the  shadow  area  even 
for  s  corresponded  maximum  EMF  radiation  levels  at 
frequency  of  9,375  GHz. 

Consequently  as  a  mle  tlie  dielectric  layer  decreases 
(siiields)  scattering  field  at  die  diird  hannonic  frequency.  In 
the  same  time  the  scattering  field  at  the  fundamental  frequency 


increases:  in  backward  direction  about  several  dB  (up  to  5  dB) 
and  in  angles  sector  20®. . .  170®  by  5 ...  1 0  dB. 
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In  order  to  assess  the  possible  exposure  in  the  near-  pared  to  those  obtained  by  the  rigorous  numerical 
held  of  amateur  radio  antennas,  it  is  important  to  method.  It  is  discussed  under  which  circumstances 

have  approximate  formulas  at  hand.  This  paper  dis-  the  application  of  the  far— field  formulas  in  the  near- 

cusses  the  application  of  far-held  formulas  in  the  field  is  justified  as  a  worst  case  approximation  in  or- 

near-Held  region,  and  compares  the  results  to  a  rigor-  der  to  obtain  an  upper  bound  for  the  field  strength 

ous  near-Held  analysis  using  numerical  techniques.  level  to  be  expected. 

1  INTRODUCTION 

It  is  important  for  radio  amateurs  to  be  aware  of  the 
field  strength  level  in  the  near-field  region  of  their 
transmitting  antennas  in  order  to  ensure  the  con¬ 
formity  to  safety  limits  defined  in  national  and  in¬ 
ternational  EMC  standards  e.g.  concerning  the  field 
exposure  of  humans  in  the  close  vicinity  of  antennas. 

For  the  far-field  region  of  an  antenna  radiating  in 
free-space,  relatively  simple  formulas  exist  so  that 
the  electric  or  magnetic  field  strength  can  be  com¬ 
puted  from  the  radiated  power,  the  antenna  direc¬ 
tivity  in  a  specific  direction,  and  from  the  distance 
of  the  observation  point  to  the  antenna. 

The  situation  is  much  more  complicated  for  the  near¬ 
field  region,  even  when  effects  such  as  buildings, 
ground  etc.  are  ignored.  No  simple  formulas  exist 
for  general  antennas,  so  the  only  choice  a  radio  am¬ 
ateur  has  is  either  to  perform  measurements  or  to 
apply  numerical  techniques.  It  would  be  desirable  to 
have  simple  formulas  at  hand,  at  least  in  the  sense 
of  a  worst-case  approximation,  to  ensure  that  safety 
limits  are  not  exceeded. 

In  the  present  paper  the  near-field  of  some  typi¬ 
cal  amateur  radio  antennas  (half-wave  dipole,  15- 
element  Yagi  Uda  antenna,  and  magnetic  loop  an¬ 
tenna)  is  computed  numerically.  The  far-field  formu¬ 
las  are  applied  also  for  distance  ranges  in  the  near¬ 
field,  and  the  resulting  field  strength  values  are  com- 


2  THEORETICAL  CONSIDERATIONS 
2.1  Exact  near-field  computations 

Using  a  computer  model  of  an  antenna  and  numer¬ 
ical  techniques,  it  is  possible  to  accurately  predict 
the  near-field,  e.g.  the  electric  field  strength 
at  any  arbitrary  point  in  space  (the  index  NF  indi¬ 
cates  the  near-field).  Here  in  this  paper,  the  method 
of  moments  as  implemented  in  the  computer  code 
FEKO  [1]  is  used  for  this  purpose. 

Once  E^^  has  been  computed,  it  is  normalised  ac¬ 
cording  to 


with  the  wavelength  A,  the  radiated  power  Pt  and 
the  free-space  impedance  Zpo  «  376.73  0,  so  that 
the  dimensionless  figure  can  be  used  to  charac¬ 
terise  the  near-field  of  an  antenna,  independent  of 
the  operating  frequency  or  the  transmitted  power. 

2.2  Approximate  far-field  formulas 
The  well-known  formula 


I  Pt '  Zpo  *  D 


represents  a  relation  to  compute  the  electrical  field 
strength  E^^  (RMS  value)  of  an  antenna  in  the 
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main-beam  direction  in  the  far-field,  indicated  by 
the  index  FF.  Pt  denotes  the  transmitted  power, 
Zpo  376.73  is  the  wave  impedance  of  free  space, 
and  D  represents  the  directivity  of  the  antenna  un¬ 
der  consideration  as  compared  to  an  isotropic  point 
source.  Finally,  r  in  eqn.  (2)  is  the  distance  of  the 
observation  point  to  the  antenna. 

The  expression  (2)  can  be  extended  to  directions 
other  than  the  main  beam  direction  by  introducing 
the  normalised  field  pattern  C{'d,  ip),  leading  to 

(3) 

Also  normalising  the  far-field  (3)  according  to 
eqn.  (1)  leads  to  the  simplified  representation 


2.3  Distance  definitions 

The  far-held  formulas  (3)  and  (4)  depend  on  the  dis¬ 
tance  r  of  the  observation  point  to  the  antenna.  In 
the  far-held  with  distances  r  much  larger  than  the 
typical  antenna  dimensions,  there  are  no  ambiguities 
with  respect  to  distance  measurement. 


Fig.  1:  Possible  dehnitions  for  the  distance  r  of  an  obser¬ 
vation  point  to  an  antenna. 

When  applying  the  far-held  formulas  also  for  obser¬ 
vation  points  in  the  near-held,  then  one  faces  the 
problems  of  having  a  unique  dehnition  for  the  dis¬ 
tance  r.  Several  options  are  indicated  in  Fig.  1. 

If  the  far-held  formulas  shall  be  applied  in  a  worst- 
case  sense,  so  that  the  actual  near-held  will  not  ex¬ 
ceed  that  far-held  value,  then  the  smallest  value  of 
r  should  be  used  in  eqn.  (3).  This  corresponds  to 
Figs.  1  b)  and  c),  where  the  distance  is  measured 
with  respect  to  the  closest  antenna  element.  The 
difference  between  the  dehnitions  b)  and  c)  is  that 
in  b)  also  the  angles  'i^,  ip  are  measured  with  respect 
to  this  point,  whereas  in  the  dehnition  c)  the  angles 
are  measured  with  respect  to  the  phase  centre  of  the 
antenna.  This  dehnition  c)  is  the  preferred  one,  since 
then  the  normalised  held  pattern  C(^,  p)  is  based  on 
more  useful  angles. 


3  NUMERICAL  RESULTS 
3.1  Results  for  a  15-eiement  Yagi-Uda  antenna 


Fig.  2:  15-element  Yagi  Uda  antenna  with  co-ordinate 
system. 

As  a  hrst  example,  the  15-element  Yagi-Uda  an¬ 
tenna  according  to  Fig.  2  shall  be  considered.  The 
antenna  consists  of  a  rehector  of  length  0,475 A  (A 
is  the  free-space  wavelength),  a  folded  | -dipole  at 
the  distance  0.2  A  to  the  rehector,  and  13  further  di¬ 
rectors  with  mutual  distances  0.308  A.  The  diameter 
of  all  wires  is  0.0085  A,  and  the  length  of  the  direc¬ 
tors  can  be  found  in  [2,  Table  9.6]  or  [3,  Table  5-4]. 
The  computed  far-held  directivity  is  I)  =  34.9,  cor¬ 
responding  to  15.4  dBi. 


Fig.  3:  Computed  electric  near-held  for  the  15-element 
Yagi-Uda  antenna,  normalised  values  according 
to  eqn.  (1). 

The  electric  near-held  (RMS  value  including  all 
vector  components)  in  the  vicinity  of  the  antenna  is 
shown  in  Fig.  3.  The  values  have  been  normalised 
according  to  eqn.  (1). 

One  can  now  also  apply  far-held  formulas  in  the 
near-held  region,  and  dehne  at  every  observation 
point  the  ratio 

^NF  pNF 

^  ~  “  j¥f  (^) 

of  the  electric  Held  strength  based  on  the  exact  near- 
held  computation  (NF)  and  the  approximate  far- 
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field  formulas  (FF).  For  regions  with  t;  <  1,  the  near¬ 
field  is  smaller  than  the  value  based  on  the  far-field 
approximation,  so  from  a  worst-case  point  of  view, 
it  is  then  safe  to  apply  the  far-field  formulas  in  or¬ 
der  to  verify  the  conformity  of  an  antenna  to  safety 
limits. 
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Fig.  4:  Ratio  v  according  to  eqn.  (5)  for  the  15-element 
Yagi-Uda  antenna  for  a  distance  definition  ac¬ 
cording  to  Fig.  1  a). 
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Fig.  5:  Ratio  v  according  to  eqn.  (5)  for  the  15-element 
Yagi-Uda  antenna  for  a  distance  definition  ac¬ 
cording  to  Fig.  1  c). 


For  the  15-element  Yagi-Uda  antenna,  this  ratio  v 
based  on  a  distance  definition  according  to  Fig.  1  a) 
is  depicted  in  Fig.  4.  Obviously  there  are  regions 
with  u  >  1,  but  by  simply  redefining  the  distance 
definition  according  to  Fig.  1  c)  and  assuming  a  worst 
case  directivity  as  in  the  main-beam  direction  for 
all  directions,  one  obtains  the  graph  in  Fig.  5.  For 
all  points  in  the  considered  plane,  one  realises  that 
u  <  1,  so  that  the  far-field  formulas  can  be  applied 
in  the  near-field  region  in  order  to  obtain  a  worst 
case  approximation. 


antenna,  which  is  aligned  parallel  to  the  y-axis,  is 
depicted  in  Fig.  6,  again  it  has  been  normalised  with 
the  help  of  eqn.  (1). 

The  ratio  v  according  to  eqn.  (5)  for  this  antenna  is 
shown  in  Fig.  7.  Again  it  can  be  observed  that  ev¬ 
erywhere  in  space  the  far-field  formulas  yield  lower 
field  strength  values  than  the  actual  near-field,  pro¬ 
vided  that  a  distance  definition  according  to  Fig.  1 
c)  is  used  and  the  angular  dependency  of  the  relative 
field  pattern  is  neglected. 


Fig.  6:  Computed  electric  near-field  for  the  ^-dipole  an¬ 
tenna,  normalised  values  according  to  eqn.  (1). 
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Fig.  7:  Ratio  v  according  to  eqn.  (5)  for  the  ^-dipole  an¬ 
tenna  for  a  distance  definition  according  to  Fig.  1 
c). 


3.2  Results  for  a  |-dipole  antenna 

In  this  section  a  similar  investigation  shall  be  con¬ 
ducted  for  a  simple  |-dipole  antenna  with  a  wire 
diameter  of  0.002  A.  The  electric  near-field  of  the 


3.3  Results  for  a  magnetic  loop  antenna 

Quite  popular  amongst  radio  amateurs  are  also  mag¬ 
netic  loop  antennas,  and  hence  such  an  antenna  shall 
be  considered  as  well. 
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Fig.  8:  Computed  electric  near-field  for  the  magnetic 
loop  antenna,  normalised  values  according  to 
eqn.  (1). 
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Fig.  9:  Ratio  v  according  to  eqn.  (5)  for  the  magnetic 
loop  antenna  for  a  distance  definition  according 
to  Fig.  1  c). 


The  magnetic  loop  considered  here  is  located  in  the 
x2;-plane,  has  a  diameter  of  and  a  wire  radius  of 
0,002  A. 

The  computed  near-field  is  depicted  in  Fig.  8,  and 
the  ratio  v  is  plotted  in  Fig.  9. 

4  CONCLUSIONS 

For  three  typical  amateur  radio  antennas,  the  elec¬ 
tric  near-field  has  been  computed  by  applying  rig¬ 
orous  numerical  techniques.  In  order  to  assist  radio 
amateurs  in  estimating  the  field  strength  level  using 
approximate  formulas,  it  was  shown  that  an  applica¬ 
tion  of  the  far-field  formulas  in  the  near-field  can  be 
used  as  a  worst  case  approximation,  provided  that 
the  distance  definition  according  to  Fig.  1  c)  is  used 
and  the  angular  dependence  of  the  radiation  pattern 
is  neglected. 
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Abstract:  The  work  deals  with  problems  faced  by 
inhabitants  of  residential  areas,  potentially  exposed  to 
a  hazard  created  by  sources  of  EM  radiation.  Cases  of 
paranoiac  character,  exposure  created  by  unidentified 
sources  as  well  as  power  line  frequency  and  RF  sources 
are  analysed.  It  is  shown  that  presently  in  the  discussed 
cases  a  hazardous  exposure  is  rather  exceptional. 
However,  almost  any  potential  source  of  radiation 
creates  negative  countermeasures  of  inhabitants  in  the 
area  where  an  investment  is  planned.  The 
countermeasures  are  especially  bothersome  for 
operators  of  the  Amateur  Radio  Service. 

1.  INTRODUCTION 

The  Electromagnetic  Environment  Protection  Lab 
has  been  involved,  among  others,  in  EM  field 
measurements.  The  majority  of  Polish  inspection 
services  (The  National  Radiocommunication  Agency, 
The  National  Sanitary  Inspection)  have  been  supplied 
with  EM  field  meters  designed  and  currently 
recalibrated  in  the  Lab.  As  a  result  the  Lab  has  the 
widest  metrological  possibilities  within  the  country. 
Because  of  this  and  due  to  a  long-time  experience  of  the 
Lab  in  the  field  in  cases  of  doubts  or  troubles  in 
measurements  and  the  measurements’  results 
interpretation  the  Lab  is  usually  invited  to  consult  for 
the  services  mentioned  and  to  other  institutions  and 
persons  involved.  Similarly,  the  Lab  plays  a  role  of  an 
independent  'mediator'  if  inspected  institutions  or  single 
persons  are  not  satisfied  with  the  results  of 
measurements  performed  by  governmental  services.  In 
the  case  of  unusual  metrological  needs  or  situations  we 
are  usually  shown  as  the  place  where  any  help  may  be 
found.  It  resulted  in  many  visits  of  people  convinced 
that  they  are  victims  of  the  exposure  to  intentional  or 
unintentional  EM  radiation.  We  always  try  to  do 
everything  possible  to  help  the  miserables  (in  relation 
to  individual  persons  it  is  done  on  a  voluntary  basis). 


Each  of  the  cases  is  approached  with  full  forbearance 
and  confidence  (although  the  latter  is  sometime  abused 
because  we  sometimes  make  a  use  of  the  collected 
material  in  our  publications,  but  it  is  never  done 
without  an  agreement  of  a  person  involved,  especially 
while  a  publication  makes  it  possible  to  identify  the 
person).  Our  engagement  is  related  to  several  groups  of 
problems;  the  Amateur  Radio  Service  (ARS)  and  its 
role  in  the  EM  environment  pollution  in  residential 
areas  is  one  of  them. 

2.  'MARTIANS’? 

This  group  of  ’victims'  experience  feelings  of 
sensations  related  to  real  or  imagined  EM  irradiation. 
People  complain  about  EM  radiation  from  a  BC  or  TV 
station,  mysterious  generators  installed  in  the  neigh¬ 
bourhood  and  used  intentionally  or  unintentionally  to 
annihilate  them,  microwave  ovens,  satellite  TV 
(receiving)  antennas  or,  even,  coffee  mills.  Such  wild 
nations  as  security  or/and  intelligence  services,  police, 
neighbours  or  family  members  looking  for  their  lives 
and  property  or  even  small  green  men  are  said  to  be 
responsible  for  their  problems.  Below  we  will  present 
several  selected  cases  of  the  exposure.  They  seem  to  be 
the  most  specific  ones. 

1.  MI-5? 

A  high  school  professor  from  a  small  town,  after  her 
visit  to  Australia,  has  been  discovered  as  a  candidate  to 
the  British  throne.  Because  of  this  the  British  secret 
services  followed  her  cveiy^  step  and  supervised  her  life 
to  protect  her  against  any  undesirable  escapades  that 
would  humiliate  the  Royal  Family.  An  implanted  (into 
her  body)  radio  transmitter  enabled  round  the  clock 
observations.  Apart  from  breaking  her  privacy  the 
transmitter  affected  her  health.  It  caused  troubles 
usually  associated  with  the  exposition  to  the  EM  waves. 
After  many  talks  and  explanations  that  any  transmitter 
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should  have  a  power  source  we  suggested  that  she 
should  have  her  whole  body  X-rayed.  It  was  done  and 
the  results  (with  consultation  of  a  radiologist)  have 
allayed  her  misgivings.  Consulting  the  case  with 
doctors  we  came  to  a  supposition  that  her  problems 
could  be  connected  with  her  climacteric. 

2.  A  BC  station? 

A  master-builder,  resident  of  a  small  town,  near  a 
FM&TV  transmitting  center,  complained  of  'hearing* 
AM  &  FM  BC  programs  while  staying  at  home  and 
during  walks  near  transmitting  centers.  At  the  same 
time  he  was  feeling  the  headaches,  exasperation, 
anxiety.  The  'hearing',  however,  was  not  correlated  with 
the  stations'  programs.  Laboratory  tests  did  not  confirm 
his  sensitivity  to  FM  or  AM  modulated  fields.  After 
several  talks  and  laboratory  experiments  we  suggested 
that  he  should  have  screened  his  head  with,  for 
instance,  a  bucket.  After  that  he  logically  asked  if  the 
bucked  should  be  enamelled  or  zinc  platted  (he  had  no 
doubt  that  it  should  be  a  metallic  one).  The  therapy  was 
successful,  a  couple  of  months  after  that  he  came  to  the 
ITA  director’s  office  and  extolled  us  to  the  skies  as  we 
helped  him  like  nobody  before.  Since  that  time  our 
colleagues  have  had  a  subject  for  jokes  about  us. 

3.  A  [i-wave  oven? 

A  university  professor  (sic!),  highly  qualified 
dowser  (as  a  hobbyist),  complained  of  EM  fields 
radiated  by  a  microwave  oven.  He  claimed  he  was  able 
to  sense  some  kind  of  discomfort  just  at  the  moment 
when  the  oven  was  turned  on.  Performed  measurements 
showed  good  performance  of  the  device  and  the  field 
levels  well  below  limits.  His  wife  said  he  was  able  to 
sense  even  when  the  oven  was  not  working.  In  his 
opinion  the  feelings  could  be  caused  by  other  ovens 
used  by  their  neighbours  in  the  apartment  house. 

4.  A  coffee-mill? 

A  newspaper  reporter  during  an  interview  with  us 
reported  to  us  that  she  had  irritating  feelings  even  when 
she  was  using  an  electric  coffee-mill.  Thus,  the  alarm 
clocks  were  not  a  new  discovery  of  the  British  reporter 
[1].  One  may  notice  here  that  these  fields  are  several 
orders  below  those  of  a  hair-dryers  [2],  however,  they 
are  generated  in  a  wide  frequency  spectrum. 

5.  The  neighbours? 

The  subject  of  complains  are  usually  health 
problems  (headaches,  physical  or  mental  shocks,  pain 
in  different  parts  of  the  body,  heat  or/and  cool)  caused 
by  EM  field  generators  installed  by  neighbours  (all  the 
studied  cases  took  place  in  apartment  houses).  These 
generators  that  are  small-sized  devices  brought  from 
the  West  (what  an  indirect  appreciation  of  Western 
technology!),  especially  to  persecute  or  annihilate  the 
neighbours.  Sometime  the  complaints  were  justified  by 
EMI  observed  on  the  screen  of  a  TV  receiver  or  similar 
phenomena  and  caused  by  equipment  installed  in 
another  flat  (medical  devices  like  EEG,  EKG, 


sonograph  or  diathermy,  microwave  ovens  mentioned 
or  video-recorders  and  sets  for  video-tapes  copying). 

In  these  cases  a  police  was  usually  involved.  But,  in 
our  opinion,  in  the  majority  of  the  cases  the  problem 
here  is  in  jealousy  or  variances  with  the  neighbours. 
EM  field  is  more  or  less  perfidiously  called  here 
because  of  its'  mystery  and,  in  beliefs  of  the  involved 
persons,  impossible  to  check. 

We  cite  these  sometimes  humorous  cases  to 
illustrate  the  scale  of  the  problem.  Although  in  the 
majority  of  them  no  evident  connection  with  the  EM 
field  may  be  found,  in  some  of  the  cases  the 
hypersensitivity  to  EM  field  may  play  a  certain  role  [3]. 

2.  50Hz 

Contrary  to  the  cases  presented  above,  where  it  was 
impossible  to  identify  a  radiation  source,  we  will  start 
now  a  presentation  of  cases  in  which  a  source  may  be 
easily  found.  The  latter  does  not  mean  that  the  source  is 
really  responsible  for  sensations  and  feelings  of  a 
victim. 

Apart  from  HV  power-lines  the  problem  is  caused 
by  the  local  power  substations.  Up  to  now  the 
substations  were  located  on  the  ground  flour  of 
apartment  houses  (now  it  is  prohibited).  People  located 
above  or/and  close  to  a  substation  compartment  often 
explained  to  themselves  their  life  troubles,  physical  and 
emotional  sensations  or  diseases  as  associated  with  'the 
dangerous  neighbourhood’.  Measurements  performed 
have  confirmed  only  very  few  cases  in  which  the 
magnetic  field  exceeded  the  typical  flour  values  for 
quarters  equipped  with  the  AC  power  installation  (The 
Polish  environmental  standard  allows  80  A/m  at  50  Hz) 
whereas  E-field  measurements  have  never  shown  any 
influence  of  the  local  substation  on  the  electric  field 
intensity  as  compared  to  the  typical  flour  of  50  Hz,  220 
V  home  power-installation  (environmental  limit  is  here 
10  kV/m). 

It  is  impossible  to  judge  here  if  the  feelings  of  the 
people  are  true,  based  on  EM  phobia  or  results  from 
hypersensitivity.  The  presence  of  the  phobia  may  be 
concluded  from  creation  of  local  committees  fighting 
against  The  International  Strong  Magnetic  Fields  Lab 
in  Wroclaw,  a  DC  submarine  cable  from  Poland  to 
Sweden,  etc.  The  author  would  have  never  seen  the 
paper  on  'We've  found  cancer  link  to  pylons,  say 
scientists’  published  in  Daily  Mail  (Feb.  14,  1996)  if  it 
weren't  for  the  letters  received  by  him  from  frighten 
people.  The  subtitle  of  the  paper  warns:  'Some  experts 
say  pylons,  and  even  alarm  clocks,  may  have  the  power 
to  cause  cancer  [4]. 

3.  COMMUNICATION  DEVICES 

We  would  not  like  to  discuss  here  an  imaginary 
exposure  from  satellite  receiving  antennas,  radio¬ 
receivers,  tape-recorders  and  similar  devices  which  may 
be  responsible  for  EM  interference,  but  not  for  exposure 
exceeding  standards  in  law. 
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3.1.  AFMBC  station 

The  station,  located  on  the  top  of  a  hill,  in  a 
suburban  residential  area,  contains  transmitters  for 
several  TV  and  FM  programmes.  As  usually,  on  the  top 
of  its  antenna  tower  are  located  antennas  for  IV-th  TV 
band,  bellow  them  antennas  for  Ill-rd  TV  band  and  at 
the  lowest  level  were  installed  antennas  for  FM  bands. 
Inhabitants  of  that  area,  that  make  a  match  of  their 
health  problems  with  emissions  from  the  station, 
invited  us  to  measure  the  EM  field  around  and  inside 
their  houses.  The  measurements  lead  us  to  the 
following  conclusions: 

-  nowhere  (in  open  space)  the  measured  values 
exceeded  levels  permitted  for  general  public  (7  V/m); 
the  maximal  measured  values,  at  a  distance  from  the 
antenna  tower,  were  around  5  V/m, 

-  the  fields  exceeding  the  limits  could  be  found  only  in 
close  proximity  of  conducting  bodies  due  to  standing 
waves  and  resonant  phenomena, 

“  the  standing  wave  measurements  allowed  to  indicate 
a  source  responsible  for  the  radiation,  these  were  FM 
transmitters, 

-  probably  because  of  the  beam  inclination  the  fields 
exceeded  (at  FM  frequencies)  1  V/m  within  quite  a 
large  radius  (while  near  the  antenna  the  field  was  well 
below  1  V/m). 

As  in  the  cases  presented  above,  the  residents  were 
round  the  clock  irradiated  by  the  station.  Their  health 
was  never  investigated,  nor  any  protection  measures 
were  proposed  by  the  station  operator.  During  our  talks 
there,  the  Director  of  the  school  mentioned  that  in  her 
opinion  the  children  are  more  sickly  and  dulled 
compared  to  previous  generations.  As  no  medical 
investigations  could  support  the  point  one  may  suppose 
that  these  disadvantageous  health  variations  have  been 
caused  by  less  and  less  time  spend  playing  in  the  open 
air  in  favour  of  watching  TV,  video-tapes  and  computer 
games. 

Similar  problems  appear  in  the  proximity  of  several 
AM  and  FM  BC  stations.  It  may  be  summarised  as: 
round  the  clock  and  not  exceeding  permitted  levels. 
Doubts  may  arise  in  the  relation  to  a  hazard  created  by 
the  permanent  exposure  and  a  role  played  by  the 
modulation  (especially  in  the  case  of  AM). 

3.2  Radiotelephone  base  stations 

As  a  rule  the  radiotelephone  base  stations  are 
located  on  roofs  of  tall  buildings,  steeples,  antenna 
towers  or  other  natural  or  artificial  heights.  Due  to 
directional  properties  of  antennas  applied  as  well  as 
radiated  power  in  an  area  the  field  intensity  exceeds 
that  permitted  by  environmental  standard  (0.1  W/m^). 
However,  the  area  is  focused  in  the  horizontal  direction 
and  its  range  does  not  exceed  20  m  [5].  An  excessive 
exposure  may  take  place  only  on  the  roof  of  the 
building,  in  close  proximity  of  the  antennas.  EM 
Environment  Protection  Lab  was  involved  in  many 
theoretical  estimations  and  EMF  measurements  near 
the  stations  (along  vvdth  requirements  of  Polish 
standards)  and  in  no  case  the  EMF  intensities, 


exceeding  those  permitted,  were  found  at  places  where 
inhabitants  may  appear.  With  no  regard  to  it  in  almost 
any  case,  w'hile  a  station  was  planned  and  then 
installed,  the  investment  was  followed  by  strong  activity 
of  the  inhabitants  creating  protest  committees,  then 
writing  letters  to  the  highest  bodies  and,  even, 
damaging  the  installed  devices. 

The  case  leads  to  the  following  comments: 

-•  it  is  very  interesting  that  doubts  and  protests  are 
caused  by  base  stations  while  the  use  of  portable  devices 
is  widely  accepted, 

-  beneficial  in  any  aspect  large  antennas'  installations 
seem  to  be  impressive  and  rather  their  sizes  than  fields 
generated  by  them  are  the  matter  of  protests;  the  point 
may  be  supported  by  strong  protests  against  large  DBS 
receiving  antennas  several  years  ago, 

-  a  similar  doubt  may  be  formulated  as  above:  what  is 
the  role  of  a  long-term  low-level  exposure;  however,  the 
question  seems  to  be  the  most  absorbing  for 
investigators  world-wide  now. 

3.3.  The  Amateur  Radio  Service 

The  service  was  always  located  within  residential 
areas.  It  has  already  been  shown  that  the  service  may 
create  some  problems  while  long-wire  type  antennas  arc 
applied.  Other  possibilities  are  fields  generated  by  high 
gain,  directional  antennas  at  a  distance,  while  the  beam 
of  the  antenna  illuminates  an  object.  Although  hams' 
stations  may  generate  fields  exceeding  those  of 
professional  sendees  their  work  is  usually  very  irregular 
and,  sometimes,  their  activity  is  broken  for  longer 
periods  of  time  [6]. 

Similarly  as  in  other  services  in  the  case  of  the  ARS 
the  most  'controversial'  seem  to  be  their  antennas.  We'll 
illustrate  it  with  two  examples. 

a.  SP6TPF 

A  ham's  station  located  in  an  apartment  house  in 
Opole.  Equipped  with  a  100  W  transceiver  and  two 
antennas:  a  W3DZZ  multiband  dipole  and  a  directional 
one  (cubical  quad).  The  neighbours  accused  the 
operator  of  interference  in  radio-  and  TV  reception  as 
well  as  in  video-tape  watching  and  of  hazardous 
affecting  their  health.  The  case  was  taken  to  a  court.  As 
a  result  series  of  investigations  and  measurements  were 
performed.  Among  others  our  Lab  was  involved  in  a 
part  of  them.  It  was  discovered  by  inspectors  that  home 
entertainment  devices  applied  by  the  neighbours  and 
their  installation  are  out  of  order  (mismatched 
antennas,  non-linear  heads  of  active  antennas, 
ungrounded  installations,  devices  without  necessar)^ 
homologation,  etc.).  On  the  other  hand,  the  station  was 
investigated  in  every  aspect.  Even  an  expert  in  civil 
engineering  was  engaged  to  find  if  the  construction  of 
the  quad  antenna  may  create  a  possibility  to  damage  the 
chimney  top  to  which  the  antenna  was  partly  fastened. 
Of  course  no  EMF  levels  exceeding  both  the  EMI  and 
the  environment  protection  standard  were  found. 

The  end  of  the  case  looks  likes  a  comedy.  The  court 
was  unable  to  find  any  formal  reason  to  stop  the  activity 


649 


of  the  station.  However,  the  operator  has  ordered  to 
remove  a  reflector  of  the  antenna  that  overlooks  the 
next  house  -  where  his  adversaries  reside, 

b.  SP9PT 

DX-man  active  for  over  forty  years,  after  moving  in 
1987  to  a  dwelling  house  in  a  suburban  area,  has 
become  'an  enemy'  of  the  local  community.  His  shack 
from  very  beginning  included  a  TS950S  100  W 
multiband  transceiver  and  antennas:  3  element  beam 
for  18  and  24  MHz  bands  and  GP  and  inverted  V  for 
the  others.  Strictures  of  his  neighbours  were  similar  as 
in  the  previous  case.  They  were  focused  on  EMI  and  a 
hazard  created  to  them  (it  included  cases  of  the  cancer 
due  to  unwanted  exposure  to  the  ham's  emissions).  The 
next  steps  were  almost  identical  as  above  and  they 
involved  any  available  bodies  and  commissions.  Again, 
as  in  the  previous  case  any  investigations  gave  similar 
results.  Inappropriate  installations  of  TV  antennas,  old 
type  home  entertainment  electronic  devices  and  no 
fields  exceeding  those  permitted  by  the  protection 
standards.  The  ham,  at  his  own  expense,  modernised 
antenna's  installation  in  the  nearest  house  and  offered 
RFI  filters  and  a  change  of  an  old  TV  receiver  to  a 
better  one,  the  latter  was  not  accepted  by  the  family 
active  involved  in  the  protests. 

Although  emissions  of  the  ham  are  limited  to  ten  or  so 
minutes  a  day  his  neighbours,  after  reading  a  paper  in  a 
journal  (the  paper  was  devoted  to  hazards  created  by  the 
former  2  MW  LW  Central  BC  station,  working  round- 
clock,  and  protest  against  it  by  the  local  community) 
and  unfavourable  for  them  results  of  any  investigations, 
started  making  phone  calls  to  the  ham  with  abuses. 
Finally  he  was  informed  that  as  he  is  responsible  for 
destroying  his  lives,  he  and  his  family  would  be  an 
object  of  similar  response.  As  a  result  of  the  threat  a 
prosecutor  initiated  an  investigation  which  was  then 
closed  because  the  case  did  not  include  'evident 
symptoms  of  an  offence'. 

4.  CONCLUSION 

The  problem  of  potential  hazard  created  in 
residential  areas  was  illustrated  with  some  examples. 
They  may  lead  to  three  reasons  of  negative  feelings  of 
the  persons  involved; 

~  schizophrenia  or/and  other  mental  diseases, 

-  an  EM  phobia, 

-  a  hypersensitivity. 

The  above  does  not  include  any  hazard  understood 
as  an  exposure  exceeding  levels  permitted  by  the  Polish 
protection  standards.  Not  to  mention  about  less 
restrictive  standards  of  the  Western  World.  The 
exposure  was  measured  or  estimated  in  any  presented 
case  and  in  no  case  it  was  above  limits  (if  any 
measurable  EM  levels  were  found). 

Although  the  phobia  may  be  considered  as  a  kind  of 
mental  disease  in  our  studies  we  differentiate  them  with 
the  use  of  a  primitive  criterion:  in  cases  of  phobia 
usually  there  was  a  reason  for  it  (a  source  of  radiation, 


e.g.:  antennas,  transformers)  while  in  the  other  ones  the 
reason  was  unnecessaty.  These  cases  require  a 
treatment  in  the  form  of  a  medical  cure  (mental 
diseases)  or  an  information  (phobia). 

The  last  case  requires  a  bit  more  care.  Presented 
materials  show  that  in  some  cases  the  presence  of  a 
hypersensitivity  can  not  be  excluded.  On  the  one  hand 
we  may  ask  why  'an  allergy’  must  not  exist  in  the  area 
of  EMF  while  it  is  well  confirmed  in  cases  of  many 
other  physical  and  chemical  factors.  On  the  other  hand, 
however,  it  may  be  confirmed  by  the  personal  feelings 
of  the  authors.  In  their  opinion  their  health  problems 
may  be  associated  with  the  long  term  exposure  to 
relatively  weak  EMF.  Fortunately,  the  problem  of 
hypersensitivity  has  been  intensively  studied  lately. 

A  hazard  created  by  a  permanent,  low-level  exposure 
may  lead  to  a  necessity  to  lower  the  valid  standards. 
The  present  ones  seem  to  be  rather  satisfying,  represen¬ 
ting  better  financial  possibilities,  circles  of  business 
than  the  general  public.  With  no  regard  to  it  the 
standards  require  a  simplification,  in  order  to  be  in  a 
correlation  with  present  knowledge  [7]. 
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Radio  transmissions  of  very  high  effective  radiated 
power  are  used  for  many  different  scientific  purposes. 
Most  of  the  transmissions  have  the  nature  of  a  radar 
system,  and  many  of  them  operate  on  or  near  the 
frequency  bands  which  are  available  to  radio  amateur 
use.  Some  of  these  systems,  having  the  potential  to 
cause  EMI  problems  to  radio  amateurs,  are  presented. 

1.  INTRODUCTION 

Research  on  the  state  and  properties  of  the  atmosphere 
with  all  its  different  layers  can  be  made,  for  scientific 
and  everyday  purposes,  with  the  help  of  radar-type 
systems  transmitting  high  power  radio  waves.  Some 
methods  employ  also  artificial  modification  of  some 
properties  of  the  investigated  volume  of  the  ionosphere 
by  the  use  of  high  power  radio  waves.  In  some  cases 
these  transmissions  employ  frequencies  even  inside  the 
frequency  bands  allocated  exclusively  for  radio 
amateur  use,  and  in  veiy  many  cases  the  operation  is 
on  frequencies  very  near  to  amateur  radio  frequency 
bands.  This  leads  to  several  possible  types  of  EMI 
problems  for  radio  amateurs.  For  the  most  part  it  is 
quite  probable  that  an  average  radio  amateur  does  not 
know  the  existence  of  these  scientific  rf  systems,  and 
so  the  cause  of  the  problems  may  remain  unsolved. 
The  purpose  of  this  presentation  is  to  give  an  overview 
of  these  systems,  which  could  maybe  be  helpful 
information  for  solving  EMI  mysteries, 

2.  lONOSONDES 

An  ionosonde  is  a  radar-type  system  for  measuring  the 
height  and  other  properties  of  the  ionospheric  layers. 
The  most  common  type  is  the  directly  upwards- 
transmitting  Vertical  Incidence  Sounder.  Oblique- 
incidence  sounders  were  somewhat  less  rare  20-30 
years  ago  than  nowadays.  Most  ionosondes  transmit 
pulses,  either  simple  or  coded,  but  there  is  also  a 
variant  using  continuous  frequency-swcccpcd  signal. 
The  pulse  may  be  repeated  (typically  2-16  times)  on  a 
certain  frequency,  and  then  the  transmission  is  moved 
to  the  next  frequency.  Pulse  length  is  often  40-70  ps, 
and  pulse  repetition  frequency  50,  100  or  200  Hz,  for 


example.  In  the  simplest  ionosonde  the  apparent  height 
of  the  ionospheric  layer  is  determined  from  the  delay 
time  between  the  leading  edges  of  the  transmitted 
pulse  and  its  returned  echo.  The  more  advanced 
ionosondes  may  measure  also  the  frequency,  doppler 
shift  and  its  spread,  amplitude,  phase,  angle  (direction) 
of  arrival  and  polarization  of  the  returned  signal.  A 
product  of  these  measurements  interesting  to  radio 
amateurs  is  the  critical  frequency,  which  is  the  highest 
frequency  that  is  still  reflected  back  to  the  earth.  The 
maximum  usable  frequency  for  ordinary  radio  contacts 
is  approximately  three  times  this  vertical  critical 
frequency.  The  frequency  range  of  ionosonde 
measurements  starts  usually  at  0.5  or  1  MHz  and  goes 
to  16-20  MHz  in  the  VIS  systems,  but  may  reach  even 
45  MHz  in  oblique  sounders.  The  frequency  can  be 
stepped  in  many  different  ways,  linearly  or 
logarithmically.  A  basic  system  could  be  a  logarithmic 
sweep  of  100  or  200  frequency  steps  per  octave.  A 
modern  computer-controlled  system  could  leave  gaps 
in  the  sweep,  but  most  ionosondes  do  not,  and  thus 
their  pulse  trains  can  be  heard  very  often  also  on  radio 
amateur  bands.  The  soundings  are  made  at  least  every 
hour  and  half-hour,  but  at  many  locations  with  shorter 
intervals  down  to  5  minutes.  The  sounding  itself  may 
last  from  some  seconds  to  several  minutes,  depending 
on  the  frequency  resolution  and  number  of  pulse 
repetitions.  Many  ionosonde  transmitters  have  output 
powers  from  some  kW  to  some  tens  of  kW.  The  most 
modern  "digital"  or  chirped  CW/FM  versions  use  less 
power,  down  to  100-600  W,  due  to  their  more 
sophisticated  principles  (coded  pulses  etc). 
Transmitting  antenna  in  a  VIS  is  pointed  upwards  and 
is  usually  a  delta  loop  (made  somehow  to  have  the 
required  bandwidth),  rhombic  or  log-periodic.  The  tx 
antennas  are  usually  not  very  effectively  directive  on 
the  lowest  frequencies,  and  also  due  to  the  reflection 
from  the  ionosphere,  the  transmitted  signal  spreads  to  a 
not  wQ\y  small  area.  In  the  near  field  an  ionosonde  is  an 
extremely  nasty  neighbour  to  a  radio  amateur  or  a  swi. 
The  pulses  have  a  broad  spectrum  compared  to  norma! 
signals,  and  often  the  harmonic  overtone  attenuation  is 
not  good  inside  the  sweeped  frequency  range. 
Attenuation  of  spurious  components  outside  the 
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sweeped  range  is  better.  The  total  number  of 
ionosondes  in  operation  is  probably  at  least  over  one 
hundred  units,  and  they  are  not,  unfortunately,  all 
located  in  isolated  uninhabited  places. 

3.  IONOSPHERIC  HEATERS 
An  ionospheric  heater  is  a  very  powerful  lower  HF 
transmitting  facility  with  a  vertically  radiating  antenna 
system.  The  purpose  is  to  modify  the  properties  of  a 
certain  volume  of  the  ionosphere  by  heating  it  with  a 
high-power  electromagnetic  wave  which  is  absorbed 
by  this  volume,  in  order  to  be  able  to  measure  its 
physical  parameters  in  new  or  better  ways  with  the 
help  of  this  modification.  The  frequency  range  which 
can  be  used  for  this  purpose  is  usually  (due  to  the  basic 
physical  properties  of  the  ionosphere  itself) 
approximately  from  2  to  10  MHz.  Transmitter  output 
powers  are  up  to  MW  class  and  antenna  system  gains 
around  20-30  dB,  leading  to  ERP’s  of  over  1  GW  (see 


Tables  1  and  2  for  some  details).  The  transmitted 
signal  may  be  CW  or  pulsed  or  modulated  with  a  broad 
range  of  frequencies  from  mHz’s  to  kHz’s.  With  pulse 
modulation  the  transmitted  signal  can  occupy  a 
surprisingly  broad  bandwidth.  Fig.  1  is  an  example  of 
EISCAT  heater  signal  with  pulse  modulation,  recorded 
from  an  ionospherically  propagated  signal  95  km  away 
from  the  heater.  When  the  carrier  frequency  is  near  the 
edge  of  a  radio  amateur  band,  this  kind  of  a  signal  may 
cause  several  difficulties  to  reception  in  amateur  traffic 
(in  this  example  making  it  totally  impossible  to  listen 
to  weak  US  DX  signals  below  4  MHz).  The  enormous 
ERP  of  the  heater  signal  may  also  cause  cross 
modulation  and  other  nonlinear  effects  in  the 
ionosphere.  The  total  number  of  these  installations  in 
the  world  is,  fortunately,  a  decade  lower  than  the 
number  of  ionosondes,  but  we  have  some  of  these  here 
in  Europe,  in  northern  Norway  and  in  Russia. 


Table  I.  List  of  known  ionospheric  heaters. 


Heater 

Location 

ERP 

Freq.  range 

Notes 

Arecibo 

18°N, 67° W 

300  MW 

3-  15  MHz 

Operational  1971 

EISCAT 

69.6°N,  I9.2°E 

1200  MW 

2.5/4-8  MHz 

Operational  1980 

HIPAS 

64.9°N,  146.9°W 

130  MW 

2.8-4.9  MHz 

Operational  1981 

Platteville 

40.2°N,  104.7°W 

80  MW 

2.8-10  MHz 

Operational  1970-1978 

HAARP 

62.2°N,  145.9°W 

>1000  MW 

2-  12  MHz 

Operational  1996, 
Completed  2002 

Gissar  (Dushanbe) 

38°N,  65°E 

6-8  MW 

4  -  6  MHz 

Operational  1981, now  in 
Tadzhikistan,  not  in  use? 

Kharkov 

50°N, 36°£ 

15  MW 

6 -12  MHz 

Moscow  1 

56°N,38°E 

1000  MW 

1.35  MHz 

Operational  1960 

Sura,  Nizhny  Novgorod  I 

49.3°E 

320  MW 

4.5  -  9  MHz 

Operational  1972 

Monchagorsk 

68°N,  35°E 

10  MW 

3.3  MHz 

Operational  1976 

Zimenki  (near  Sura)  ! 

56°N 

20  MW 

4.6-5.7  MHz 

Table  2.  Some  technical  details  of  the  EISCAT  heater  in  RamQordmoen  (near  Tromso),  Norway. 


Frequencies  in  use  now 
kHz 

Earlier  also 

4040,  4544, 4912.8,  5423,  6770, 6960,  7100,  7953 

2759,  3324,  3515,  4440,  4800,  5250,  5730,  6970,  7305,  7350,  8190 

Antenna  systems 

Array  1:  12  x  12  full-wave  wideband  cross  dipoles  for  5.5-8  MHz,  30  dBi 

Array  2:6x6  full-wave  wideband  cross  dipoles  for  3.85-5.65  MHz,  24  dBi 

Array  3:6x6  full-wave  wideband  cross  dipoles  for  5.5-8  MHz,  24  dBi 

Field  strength 

Array  1:  2.5  V/m 

at  100  km  height 

Arrays  2  and  3:  1.4  V/m 

Field  strength 

Array  1:  1  V/in 

at  250  km  height 

Arrays  2  and  3:  0.5  V/m 

TX  output  power 

1.2  MW 
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Fig.  1.  Spectrum  of  pulse  modulated 
EISCAT  heater  transmission. 


One  would  wish  that  facilities  like  these  (or  high 
power  LF-HF  broadcast  transmitting  sites  as  well) 
should  be  constructed  far  from  normal  living  and 
working  areas,  but  that  is  again  not  the  case.  Nearest 
ham  lives  only  2  km  away  from  the  site  in  Norway, 
and  that  is  certainly  a  very  unpleasant  situation. 


4.  AURORAL  RADARS 

The  atmosphere  of  the  polar  regions  is  especially 
interesting  to  science.  Several  important  phenomena 
occur  only  there,  and  many  other  things  are  more 
pronounced  and  more  easily  observable  there  than 
elsewhere.  There  are  many  ways  to  probe  it.  Auroral 
radars  are  a  tool  especially  suited  for  looking  at  the 
magnetic  field-aligned  structures  and  phenomena. 
Because  the  field  lines  are  almost  vertical  and  VHF 
and  higher  frequencies  propagate  along  straight  lines 
but  HF  waves  refract,  it  is  possible  to  get  much 
stronger  echo  signals  back  to  radar  on  HF  than  on  VHF 
or  UHF. 

4.1.  HF  Auroral  Radars 

First  system  of  the  currently  used  type  of  HF  auroral 
radars  was  put  up  in  Goose  Bay  in  Labrador,  Canada, 
in  1983.  Since  that  there  are  also  others  up  and 
coming,  those  nearest  to  us  are  situated  in  Finland  and 
Iceland.  These  radars  operate  in  synchronised  pairs 
viewing  the  same  area,  and  are  together  called  the 
SuperDARN  (Dual  Auroral  Radar  Network).  Table  3 
gives  locations  of  operational  and  considered  sites.  The 
system  uses  frequency  range  8-20  MHz,  divided  in 
several  narrower  sub-ranges,  and  it  automatically 
chooses  a  good  quiet  frequency  inside  a  subrange  that 
is  most  suitable  at  a  certain  time.  Table  4  gives  the 
frequency  bands  used  at  the  Hankasalmi  radar.  The 
main  antenna  is  a  group  of  16  log-periodic  yagis  with  a 
feed  system  that  gives  16  electronically  formed 
switchable  beams  inside  a  52  degree  sector.  The 
azimuthal  resolution  is  2.5°  -  6°.  A  secondary  group  of 
4  log-yagis  is  used  only  for  reception  to  assist  in 


determining  also  the  vertical  arrival  angle.  A  600  W 
(500-800W)  PA  is  feeding  each  TX  antenna,  total  peak 
power  being  thus  about  10  kW.  The  antenna  system 
has  a  gain  of  25  dB  and  so  the  ERP  is  about  3  MW. 
Transmitted  signal  consists  of  pulse  groups  (5-7 
pulses,  200-300  ps  long)  repeated  at  10  Hz  for  7 
seconds  in  each  beam,  and  the  scan  of  the  beams  is 
repeated  at  2-minute  intervals.  For  frequencies  near  the 
radar  frequency  and  amateurs  in  the  radar  beam  area 
this  pulse  signal  may  cause  same  problems  as  the 
ionosondes:  overloading  of  RX  front  end  and  upsetting 
the  AGC  system.  The  ERP  is  so  high  that  also 
ionospheric  nonlinearities  can  be  generated.  For 
example  the  pulse  trains  have  been  heard  and  recorded 
on  VLF  due  to  Ionospheric  Envelope  Demodulation  in 
VLF  measurement  campaigns  in  northern  Finland. 


Table  3.  Sites  of  SuperDARN  radars. 


Station 

Status 

Hankasalmi,  Finland 

Oper 

Thykkvibasr,  Iceland 

Oper 

Stokkseyri,  Iceland 

Oper 

Goose  Bay,  Canada 

Oper 

Kapuskasing,  Canada 

Oper 

Saskatoon,  Canada 

Oper 

Prince  George,  Canada 

Not  yet 

King  Salmon,  Alaska 

Not  yet 

Kodiak,  Alaska 

Oper 

Halley,  Antarctica 

Oper 

SANAE,  Antarctica 

Oper 

Syowa  South,  Antarctica 

Oper 

Syowa  East,  Antarctica 

Oper 

Tiger,  Australia 

Not  yet 

Kerguelen 

Not  yet 

Table  4.  Frequency  bands  in  kHz  for  SuperDARN 
radar  at  Hankasalmi,  Finland.  Some  other  bands  have 
also  been  used  earlier. 


9040-9140 

9900-9995 

11075-11175 

11550-11600 

13440-13510 

13870-13900 

16210-16380 

18030-18052 

19415-19680 

19800-19990 

4.1.  VHF  Auroral  Radars 

The  original  DARN  network  included  also  VHF 
auroral  radars,  the  first  of  these  being  a  pair  called 
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STARE,  Scandinavian  Twin  Auroral  Radar 
Experiment.  Its  success  led  to  the  construction  of  other 
corresponding  systems,  including  SABRE  -  Sweden 
And  Britain  Radar  Experiment  (on  153.2  MHz),  DAR 
-  Double  Altitude  Radar  in  Russian  Karelia  on  88 
MHz  and  BARS,  Bistatic  Auroral  Radar  System.  The 
STARE  is  still  in  operation,  in  a  modernized 
configuration.  Station  sites  are  Midtsandan  in  Norway, 
using  140.0  MHz,  and  Hankasalmi,  Finland,  where  the 
frequency  is  very  near  to  2  m  amateur  band  at  143.8 
MHz.  Transmitter  peak  power  is  50  kW,  and  with  a 
group  of  8  long  yagis  the  ERP  is  again  in  the  MW 
class,  capable  of  causing  trouble  to  radio  amateurs 
trying  to  use  the  2  m  band  in  the  TX  beam  area. 


5.  IONOSPHERIC  RADARS 

The  structures  in  the  ionosphere  which  are  probed  with 
the  auroral  radars  are  said  to  generate  coherent  scatter, 
having  dimensions  in  the  scale  of  the  radar 
wavelength.  Another  type  of  radars  for  ionospheric 
research  is  the  incoherent  scatter  radar,  which  works 
with  signals  scattered  back  by  individual  electrons  in 
the  ionospheric  plasma.  These  radars  use  still  much 
higher  TX  powers  and  antenna  gains  than  the  former 
group.  There  are  several  representatives  of  this  group, 
too,  around  the  world.  Maybe  the  best  known  in 
amateur  circles  is  the  Arecibo  radar  in  Puerto  Rico.  Its 
antenna  (the  1000-ft  diameter  dish)  has  been  used  also 
for  amateur  experiments,  because  the  radar  operates  at 
430  MHz  and  thus  there  are  not  difficulties  due  to 
large  frequency  differences.  TX  output  power  is  about 
2,5  MW.  EISCAT  has  three  radars  in  Norway:  224 
MHz,  3  MW,  46  dB,  and  931.5  MHz,  1.5  MW,  48  dB 
(near  Tromso),  and  500  MHz,  I  MW,  45  dB  (on 
Svalbard).  The  ERP’s  of  installations  like  these  seem 
to  have  an  enormous  potential  of  generating  EMI. 
However,  the  antennas  are  usually  directed  at 
reasonably  high  elevations,  and  thus  the  highest  field 
strength  values  are  not  experienced  at  ground  level. 
The  most  experiences  of  EMI  problems  are  with  other 
objects  than  radio  amateur  stations.  One  part  of  the 
EMI  potential  comes  from  the  fact  at  most  sites  there 
are  several  different  high-power  systems  which  can  be 
operated  simultaneously,  and  this  can  lead  to 
generation  of  passive  intermodulation  at  a  substantial 
signal  level.  Another  aspect  is  the  still  very  high  power 
level  ill  antenna  sidelobes  -  at  30  dB  attenuation 
around  50  -  100  MW,  and  with  about  45  dB 
attenuation  still  at  the  nominal  output  level,  around  1-5 
MW. 


6.  ATMOSPHERIC  RADARS 

Ionosphere  is  a  part  of  the  atmosphere,  but  the 
preceeding  two  radar  types  differ  from  the  following 
radars  in  the  respect  that  ionospheric  and  auroral  radars 
measure  mainly  phenomena  in  the  ionized  plasma  in 


upper  atmosphere,  whereas  the  types  presented  next 
measure  mainly  the  neutral  atmosphere,  and  at  lower 
heights.  The  division  is  not  always  clear,  and  one  radar 
installation  may  be  used  for  several  types  of 
observations  in  slightly  different  configurations. 

6.1 .  MST,  ST  and  MLT  radars 
This  group  is  mainly  used  for  research  of  turbulence, 
wave  and  wind  phenomena,  in  height  range  of  roughly 
1 5  -  200  km,  but  can  be  adapted  also  to  ionosphere  or 
meteor  studies.  The  largest  subgroup  uses  frequencies 
around  50  MHz  ^  near  or  inside  the  amateur  band. 
About  2-3  MHz  and  UHF  frequencies  are  found,  too. 
Table  5  gives  a  summary  of  technical  details  of  some 
radars  in  this  group.  As  the  typical  antenna  system  is  a 
large  group  of  vertical  yagis,  these  radars  are, 
fortunately,  not  often  a  source  of  severe  EMI  to 
amateurs  on  a  large  scale.  In  the  neighbourhood,  due  to 
antenna  sidelobes,  problems  may  arise,  because  the 
total  peak  ERP  is  again  very  high,  and  pulse 
transmissions  are  prone  to  cause  interference. 


Table  5.  Some  MST/ST/Meteor  Radars. 


Station 

Freq. 

MHz 

TX 

pwr 

kW 

Ant 

System 

yagis 

Gadanki,  India 

53 

2500 

1024 

MU,  Japan 

46.5 

1000 

475 

Chung-Li,  Taiwan 

52 

180 

195 

Aberystwyth,  Wales 

46.5 

160 

400 

La  Ferte  Vidame,  F 

52.05 

20 

156 

Esrange,  Sweden 

52 

36+36 

140+144 

Longyearbyen,  Norway 

53.5 

150 

356 

6.2.  Wind  profilers,  boundary  layer  radars 
These  radars  represent  a  new  and  growing  group, 
specially  intended  for  wind  measurements,  for  heights 
of  about  200  m  to  20  km  (vertical  profile  or 
distribution  of  wind  speed,  direction,  and  turbulence). 
ST/MST  radars  are  not  much  different  technically. 
There  has  been  a  search  for  frequencies  for  this  new 
user,  from  three  ranges:  around  50  MHz,  about  400- 
500  MHz  and  around  1  GHz.  Some  systems  having 
frequencies  near  amateur  bands  are  listed  in  Table  6.  In 
addidtion  to  those,  around  50  MHz,  915  MHz  and  961 
MHz  are  used  at  many  sites  (problems  to  GSM!?),  and 
even  78.2  GHz  and  95  GHz  are  mentioned.  The 
frequencies  on  the  23  cm  amateur  band  create  a 
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potential  EMI  situation,  and  at  least  in  Austria  bad 
interference  problems  have  been  reported. 

Table  6.  Some  Wind  Profiler  Radars  with  frequencies 
near  Amateur  bands,  operating  or  tested. 


Station 

Frequency 

MHz 

Lindenberg  (nr  Berlin),  Germany 

1290  &  482 

Hamburg,  Germany 

1235 

Payerne,  Switzerland 

1290 

Zurich,  Switzerland 

1290 

Graz,  Austria 

1280 

Cabauw,  Netherlands 

1290 

Paris/CDG  Airport,  France 

1238 

Rennes,  France 

1238 

Spain,  North  coast 

1000  (?) 

Copenhagen,  Denmark 

400 

USA,  31  station  network 

404 

Higher  frequencies  are  used  in  some  cases,  and  this 
same  coexistence  problem  may  arise  at  least  at  24 
GHz, 

7,  CONCLUSION 

There  are  at  least  hundreds  of  high  power  radio 
transmitter-based  systems  for  scientific  purposes  in  use 
around  the  world,  directly  on  or  near  the  frequency 
bands  which  are  allocated  for  amateur  radio.  Pulse  type 
transmissions  and  high  ERP  levels  very  easily  lead  to 
EMI  problems,  which  may  remain  mysteries,  if  the 
existence  of  these  transmissions  is  not  known.  High 
signal  levels  lead  to  overloading  and  nonlinear 
distortion,  if  receiver  does  not  have  enough  dynamic 
range  and  selectivity.  Pulses  easily  upset  AGC  circuits. 
Intermodulation  can  be  generated  also  as  passive  IM, 
outside  the  RX  or  TX  involved,  due  to  the  very  high 
power  levels.  Even  ionospheric  IM-type  nonlinearity 
can  shift  signals  to  new,  strange  frequencies,  caused  by 
the  very  high  signal  power  levels. 
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6.3.  Meteor  radars 

This  instrument  is  nearly  same  as  a  MST  radar,  and 
many  MST  radars  are  used  also  for  this  purpose  in  a 
modified  configuration.  Meteor  radar  records  meteor 
trails,  and  because  they  can  come  from  almost  any 
direction,  a  meteor  radar  cannot  have  very  directional 
antennas.  Most  suitable  frequencies  are  in  the  range 
20-60  MHz.  Meteors  can  be  a  research  subject  as  such, 
but  most  often  this  radar  type  is  used  for  the  same 
purpose  as  the  MST  radars,  because  the  meteor  trails 
drift  due  to  upper  atmosphere  winds,  and  so  these 
winds  can  be  measured  also  in  this  way.  Transmitter 
power  in  a  basic  system  may  be  around  10  kW,  TX 
antenna  is  a  simple  yagi  and  receiving  array  consists  of 
a  few  more  yagis.  Many  meteor  and  MST  radars  have 
frequencies  inside  or  very  near  to  the  50  MHz  amateur 
allocation  -  a  nuisance  to  a  large  area  under  good  (high 
MUF)  propagation  conditions,  and  in  every  case  an 
interference  source  to  nearby  hams. 


6.4.  Weather  radars 

This  name  is  used  for  the  “ordinary’’  weather  radars 
which  give  mainly  a  picture  of  the  rain  situation  of  the 
area  around  them,  using  rotary  scanning  in  the 
horizontal  plane.  In  the  U.S.  the  frequency  allocation 
for  these  radars  is  2700-2900  MHz,  which  should  not 
cause  problems  to  radio  amateurs.  Here  in  Europe  the 
frequency  allocation  for  this  application  is  5600-5650 
MHz.  Radio  amateurs  can  use  5650-5850  MHz,  but  a 
weather  radar  is  not  a  pleasant  neighbour.  Typical 
transmitter  output  powers  are  around  250-800  kW  and 
antennas  are  4-8  meter  parabolic  dishs,  having  40-50 
dB  gain.  Together  these  can  make  over  GW  ERP's. 
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General:  This  presentation  will  present  the  status  of  the 
work  within  the  International  Amateur  Radio  Union  - 
lARU  -  Region  1  EMC  fVG,  and  give  views  on  the 
development  in  EMC,  both  in  relation  to  technology 
and  standards.  It  will  present  concerns  related  to  radio 
amateurs  and  users  of  electronic  equipment. 

1.  INTRODUCTION 

1.1  The  tradition  and  role  of  radio  amateurs  with 
respect  to  EMC: 

As  radio  amateurs  are  heavy  users  of  the  radio 
spectrum,  EMC  problems  have  always  been  a  major 
problem.  Radio  amateurs  share  the  domestic 
environment  with  other  users  of  electrical  and 
electronic  equipment  and  the  compatibility  problem 
includes  both  immunity  and  emission  aspects. 

This  has  been  the  case  for  more  than  70  years  giving 
the  radio  amateurs  an  outstanding  experience  with 
causes  of  interference,  the  social  and  physiological 
interactions,  solutions  of  interference  and  the  responses 
of  authorities  and  manufacturers. 

1.2  The  organisation  of  EMC  work  within  lARU: 

The  members  of  lARU  are  the  national  amateur  radio 
societies  all  over  the  world.  Most  national  societies 
have  formed  their  own  EMC  group  giving  advice  to  the 
individual  radio  amateur.  Furthermore,  many  societies 
publish  magazines  where  amateur  relevant  technical 
information  is  presented  including  EMC  relevant 
information. 

The  main  task  of  the  lARU  EMC  working  group  is  to 
gather  and  distribute  information  and  to  influence 
legislation  and  standardisation  at  an  international  level. 
The  lARU  is  a  member  of  CISPR  and  is  active  in  most 
EMC  committees. 

2.  STATUS  OF  THE  lARU  WORK 
2.1  Working  process: 

The  work  is  concentrated  in  the  EMC  working  group 
where  35  members  from  most  countries  in  the  region 


participate.  Some  members  are  more  active  than  others 
in  distributing  material  and  responses.  The  annual  WG 
meeting  is  essential  for  keeping  a  reasonable 
coordination  and  focus.  All  documents  and  other 
information  are  distributed  through  the  lARU  office. 

2.2  Examples  of  achievements: 

One  of  the  main  tasks  is  to  emphasize  the  existence  of 
radio  amateurs  and  their  need  for  interference  free 
spectrum  and  the  need  for  immune  electronics.  This 
objective  has  been  pursued  and  the  result  is  e.g.  visible 
in  the  work  programme  of  the  newly  established  CISPR 
H  and  in  the  emission  documents  for  frequencies  above 
IGHz  of  CISPR  G 

2.3  Present  work: 

We  are  presently  dealing  with  the  emissions  from 
power  line  transmission  systems  and  emissions  from 
lifts  using  power  drives.  The  discussion  on  immunity  of 
analogue  telephones  is  of  major  concern  too. 

3.  THE  ELECTROMAGNETIC  ENVIRONMENT 

3.1.  The  noise  floor  is  rising  rapidly  and  it  is  often 
difficult  to  find  a  noise-free  firequency.  Individual 
equipment  may  emit  at  discrete  frequencies,  but  the 
amount  of  equipment  in  residential  houses  with  clocks 
and  switched  power  circuitry  is  growing. 

3.2.  Some  of  the  receivers  have  special  features  as  e.g. 
Digital  Signalling  Processing  (DSP),  which  can  cope 
with  part  of  the  interference.  Other  receivers  e.g. 
receivers  used  for  the  reception  of  digital  signals  (FSK- 
QPSK-GMSK)  are  rather  susceptible  to  interference 
and  the  result  of  interference  is  fatal  for  the 
communication  link.  Comparing  the  result  of 
interference  between  “analogue  receivers”  and  “digital 
receivers”  will  lead  you  to  the  conclusion  that  the 
susceptibility  is  almost  the  same,  but  the  consequence 
for  a  digital  receiver  is  much  worse. 

3.3.  Cordless  telephones  and  low  power  devices  (LPD') 
are  used  in  large  numbers  and  the  usage  influences  the 
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environment  greatly.  The  field  strengths  that  other 
electronic  devices  must  be  immune  to  are  higher  and 
especially  the  levels  at  frequencies  above  IGHz  are 
different  from  what  equipment  was  exposed  to  just  a 
few  years  ago. 

3.4  The  fields  from  radio  amateur  transmitters  are 
almost  unchanged  over  the  last  20  years,  but  a  number 
of  countries  have  raised  the  allowed  maximum  output 
power.  This  may  lead  to  higher  field  strengths  in  the 
HF  part  of  the  spectrum.  The  planning  restraints  on 
outdoor  antennas  force  some  amateurs  to  use  indoor 
antennas  which  result  in  rather  high  field  strengths 
around  electronic  equipment.  The  ranges  of  field 
strengths  from  legal  amateur  transmitters  both  near 
field  and  far  field  are  from  3V/m  to  200 V/m. 

4.  TRENDS  IN  TECHNOLOGY 

4.1.  The  digital  revolution  is  now  leading  to  instalment 
of  a  lot  of  digital  equipment  in  all  environments.  The 
technology  is  going  to  higher  clock  frequencies  and 
faster  equipment.  The  power  consumption  and  the  size 
of  the  equipment  are  decreasing.  The  usage  of  switched 
mode  technologies  in  e.g.  power  supply,  motor 
controllers  and  audio  amplifiers  are  growing  rapidly. 
There  seems  to  be  a  general  idea  that  anything  (from 
water  pipes  to  power  leads),  which  can  carry  electrical 
signals  in  houses,  can  uncritically  be  used  for  high¬ 
speed  data  communication. 

The  use  of  SMD  components  improves  the  immunity  of 
equipment  because  of  their  more  ideal  -  non-parasitic  - 
properties. 

In  reality  -  with  respect  to  EMC  -  wc  gain  some  and  we 
loose  some. 

5.  TRENDS  IN  STANDARDISATION 

5.1.  The  role  and  usage  of  international  standards 
increases  because  of  the  change  of  legislation  towards  a 
more  international  regime  which  has  shifted  the  setting 
of  limits  from  national  authorities  to  a  forum 
dominated  by  manufacturers.  We  fear  that  this  will 
result  in  standards  where  the  level  of  protection  offered 
to  radio  services  is  not  adequate. 

5.2.  Emission  limits  are  kept  uniform  for  most 
equipment,  but  there  is  an  increasing  number  of 
standards  where  exceptions  in  standards  allow  more  or 
less  free  unwanted  radiation.  The  Authorities  have  now 
identified  this  development  and  CENELEC  have  been 
asked  to  come  up  with  a  proposal  for  a  solution.  This 
work  has  been  progressed  in  the  newly  established 
Strategic  Review  Panel. 


5.3.  Immunity  requirements  shall  also  be  based  on 
environmental  considerations  where  the  radio  services 
used  in  the  environment  and  the  typical  configuration 
e.g.  protection  distances  are  taken  into  account. 
Furthermore,  the  interference  susceptibility  of  the 
receiving  system  should  be  taken  into  account.  At 
present,  the  new  digital  radio  services  have  not  been 
evaluated  properly  and  this  work  should  be  performed 
as  soon  as  possible. 

6.  FUTURE  WORK  IN  lARU 

The  lARU  Region  1  Working  Group  will  continue  to: 

-  Monitor  and  participate  in  the  EMC  work 

-  Prepare  technical  information  for  both  professionals 
and  radio  amateurs 

-  Support  the  EMC  work  in  national  societies 

-  Distribute  technical  information 

-  Give  recommendations  regarding  acceptance  of  draft 
standards 

-  Be  a  forum  within  the  radio  amateur  community  for 
EMC  related  discussions 

7.  CONCLUSIONS 

The  radio  amateurs  have  some  real  concerns  with 
regards  to  the  protection  of  radio  services.  We  hope  that 
the  users  of  the  radio  spectrum  together  with  the 
national  authorities  and  manufacturers  will 
acknowledge  the  need  for  adequate  protection  of  radio 
services.  We  are  especially  concerned  with  the  rapid 
introduction  of  high-speed  telecommunication  services 
on  existing  unshielded  cables. 

The  work  of  the  EMC  WG  is  of  great  importance  to  the 
radio  amateurs  because  of  the  international 
development  of  limits  and  regulation.  Neither  the 
individual  radio  amateur  nor  the  national  society  can 
do  this. 

The  lARU  EMC  WG  shall  continue  to  influence  the 
professional  and  commercial  EMC  work  to  the  benefit 
of  radio  amateurs. 

The  support  from  all  WG  members  and  National 
Societies  is  vital  for  the  success  of  the  work. 
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ABSTRACT 

The  current  Appendix  S7  (28)  of  the  International 
Telecommunication  Union  Radio  Regulations  on  the 
method(s)  for  the  determination  of  the  coordination- 
area  around  an  earth  station  has  been  in  existence  for 
over  20  years.  In  view  of  the  many  new  frequency 
allocations  and  new  systems,  the  ITU  recognised  that 
there  is  a  need  to  update  the  Appendix  and  has 
therefore  established  Task  Group  (TG)  1/6  in  early 
1997  to  establish  the  technical  basis  for  the  World 
Radio  Conference  to  study  this  urgent  matter.  This 
paper  reports  the  work  conducted  in  TG  1/6  which 
was  completed  in  November  1999. 

1.  INTRODUCTION  &  BACKGROUND 

The  current  Appendix  S7  (28)  of  the  International 
Telecommunication  Union  (ITU)  Radio  Regulations 
contains  method(s)  for  the  determination  of  the 
coordination  area  around  an  earth  station  in  frequency 
bands  between  1  GHz  and  40  GHz  shared  between 
space  and  terrestrial  radiocommunications  services. 
Over  the  past  20  years,  many  new  frequency 
allocations  have  been  made  to  various  radio  services 
beyond  this  frequency  range.  As  well,  many  new 
satellite  systems  have  been  proposed  and  introduced 
in  operation. 

The  ITU  recognised  that  there  is  a  need  to 
update  the  Appendix.  As  a  result,  ITU-R  Study  Group 
1  established  a  Question  [1]  to  study  the  technical 
procedures  and  propagation  models  that  should  be  used 
in  the  deteimination  of  coordination  areas  around 
earth  stations  operating  in  frequency  bands  between 
100  MHz  and  105  GHz  for  coordination  between: 

•  the  earth  station  of  a  GSO  (Geo-stationary  Orbit) 
satellite  network  and  a  terrestrial  station; 

•  the  earth  station  of  a  GSO  (Non-Geo-stationary 
Orbit)  satellite  in  a  slightly  inclined  orbit  and  a 
terrestrial  station; 


•  the  earth  station  of  an  NGSO  satellite  network 
and  a  terrestrial  station; 

•  two  earth  stations  of  GSO  satellite  networks, 
when  the  two  networks  operate  in  opposite 
directions  of  transmission; 

•  two  earth  stations,  one  of  which  is  part  of  a  GSO 
satellite  network  and  the  other  is  part  of  an 
NGSO  satellite  network,  when  the  two  networks 
operate  in  opposite  directions  of  transmission; 
and 

•  two  earth  stations  of  NGSO  networks,  when  the 
two  networks  operate  in  opposite  directions  of 
transmission. 

In  order  to  conduct  this  work  in  an  expeditious 
manner,  the  ITU  established  Task  Group  (TG)  1/6  in 
early  1997  to  study  tliis  urgent  matter.  TG  1/6  began 
its  work  by  creating  a  structure  within  the  Task  Group 
to  address  this  difficult  work.  Three  coordinators  were 
appointed  to  lead  the  work  which  was  organized  in 
three  categories:  propagation  models,  system 
parameters,  and  procedures  and  methodologies. 
Reference  was  made  to  the  existing  Appendix  S7, 
Recommendations  ITU-R  IS. 847-1,  IS. 848-1,  and 
IS. 849-1.  A  close  working  relationship  was 
established  with  Working  Party  (WP)  3M,  WP  4/9 S, 
and  WP  4 A.  The  output  of  this  work  is  contained  in 
the  ITU-R  Draft  New  Recommendation  (DNR)- 
DOCl/1004  [2].  The  following  sections  provide  a 
brief  outline  highlighting  these  three  categories  of 
work. 

2.  PROPAGATION  MODELS 

2.1  Propagation  model  concepts  and  considerations 

The  deteimination  of  the  coordination  area  is 
based  on  the  concept  of  the  permissible  interference 
power  at  the  antenna  teiminals  of  a  receiving 
terrestrial  or  earth  station.  Hence,  the  attenuation 
required  to  limit  the  level  of  interference  between  a 
transmitting  terresti'ial  or  earth  station  and  a  receiving 
terrestrial  or  earth  station  to  the  permissible 
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interference  power  for  p  %  of  the  time  is  represented 
by  the  “minimum  required  loss”.  The  minimum 
required  loss  needs  to  be  equal  to  or  exceeded  by  the 
predicted  path  loss  for  all  but  p  %  of  the  time. 

The  determination  of  the  predicted  path  loss  is 
based  on  a  number  of  propagation  mechanisms  which 
may  be  categorized  in  two  modes  as  follows: 

2.1.1  Propagation  mode  ( 1 ) 

Propagation  phenomena  in  clear  air  (tropospheric 
scatter,  ducting,  layer  reflection/refraction,  gaseous 
absorption  and  site  shielding)  are  confined  to 
propagation  along  a  great-circle  path  and  are 
described  by  the  following  mechanisms: 

-  Diffraction 

-  Tropospheric  scatter 

-  Surface  ducting 

-  Elevated  layer  reflection  and  refraction 

2.1.2  Propagation  mode  (2) 

Hydrometeor  scatter  can  be  a  potential  source  of 
interference  between  terrestidal  link  transmitters  and 
earth  stations  because  it  may  act  isotropically,  and  can 
therefore  have  an  impact  inespective  of  whether  the 
common  ,  volume  is  on  or  off  the  great-circle 
interference  path  between  the  coordinating  earth 
station  and  terrestrial  stations,  or  receiving  earth 
stations  operating  in  bidirectionally  allocated 
frequency  bands. 

2.2  Extension  of  frequency  bands 

The  existing  Appendix  S7  uses  propagation 
models  for  the  frequency  band  ranging  from  1  to  40 
GHz.  TG  1/6,  through  collaboration  with  ITU-R  WP 
3M,  has  expanded  the  frequency  band  so  that  the 
entire  frequency  range  from  100  MHz  to  105  GHz  is 
covered. 

For  the  determination  of  the  propagation  mode 
(1)  required  distances  corresponding  to  the  minimum 
required  loss,  the  applicable  frequency  range  has  been 
divided  into  three  parts: 

•  For  VHF/UHF  frequencies  between  100  MHz 
and  790  MHz  and  for  time  percentages  from  1% 
to  50%  of  an  average  year:  the  propagation  model 
is  based  on  observational  data  and  includes  all  of 
the  propagation  mode  (1)  mechanisms  except  site 
shielding  (which  is  applied  separately). 

•  From  790  MHz  to  60  GHz  and  for  time 
percentages  from  0.001%  to  50%  of  an  average 
year:  the  propagation  model  takes  account  of 
tropospheric  scatter,  ducting  and  layer 
reflection/refraction.  In  this  model,  separate 


calculations  arc  made  for  each  of  the  propagation 
mode  (1)  mechanisms. 

•  From  60  GHz  to  105  GHz  and  for  time 
percentages  from  0.001%  to  50%  of  an  average 
year:  the  millimetric  model  is  based  upon  free- 
space  loss  and  a  conservative  estimate  of  gaseous 
absorption,  plus  an  allowance  for  signal 
enhancements  at  small  time  percentages. 

For  the  determination  of  the  propagation  mode 
(2)  required  distance  corresponding  to  the  required 
loss,  interference  arising  from  hydrometeor  scatter 
can  be  ignored  at  frequencies  below  1  GHz  and  above 
40.5  GHz  outside  the  minimum  coordination  distance. 
Below  1  GHz  the  level  of  the  scattered  signal  is  very 
low  and  above  40.5  GHz,  although  significant 
scattering  occurs,  the  scattered  signal  is  highly 
attenuated  on  the  path  from  the  scatter  volume  to  the 
receiving  terrestrial  station  or  earth  station.  Site 
shielding  is  not  relevant  to  propagation  mode  (2) 
mechanisms  as  the  interference  path  is  via  the  main 
beam  of  the  coordinating  earth  station  antenna. 

2.3  Correction  Factor 

In  determining  the  coordination  area,  the 
pertinent  parameters  of  the  coordinating  earth  station 
are  known,  but  knowledge  of  the  tenestrial  stations  or 
other  earth  stations  sharing  that  frequency  range  is 
limited.  Hence  it  is  necessary  to  rely  on  assumed 
system  parameters  for  the  unknown  terrestrial  stations 
or  the  unknown  receiving  earth  stations.  Further, 
many  aspects  of  the  interference  path  between  the 
coordinating  earth  station  and  the  teiTCStrial  stations 
or  other  earth  stations  (c.g.  antenna  geometry  and 
directivity)  are  unknown. 

The  determination  of  the  coordination  area  is 
based  on  unfavourable  assumptions  regarding  system 
parameter  values  and  interference  path  geometry. 
Flowever,  in  certain  circumstances,  to  assume  that  all 
the  worst-case  values  will  occur  simultaneously  is 
unrealistic,  and  leads  to  unnecessarily  large  values  of 
minimum  required  loss,  hence  unnecessarily  large 
coordination  areas.  For  propagation  mode  (1)  detailed 
analyses,  supported  by  extensive  operational 
experience,  have  shown  that  the  requirement  for  the 
propagation  mode  (1)  minimum  required  loss  can  be 
reduced  because  of  the  very  small  probability  that  the 
worst  case  assumptions  for  system  parameter  values 
and  interference  path  geometry  will  exist 
simultaneously.  Therefore  a  correction  is  applied 
within  the  calculation  for  the  propagation  mode  (1) 
predicted  path  loss  in  the  appropriate  sharing  scenario. 

This  correction  applies  to  cases  of  coordination 
with  the  fixed  service.  It  is  frequency,  distance  and 
path  dependent.  It  does  not  apply  in  the  case  of  the 
coordination  of  an  earth  station  with  mobile  stations 
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or  with  other  earth  stations  operating  in  the  opposite 
direction  of  transmission,  nor  in  the  case  of 
propagation  via  hydrometeor  scatter  (propagation 
mode  (2)).  As  well,  it  does  not  apply  to  wholly  sea 
paths. 

2.4  Distance  limits 

TG  1/6  also  reviewed  the  concept  of  distance 
limits  which  currently  is  used  in  the  existing 
Appendix  S7  and  was  decided  that  it  is  appropriate  to 
continue  to  use  this  concept.  Hence  the  coordination 
distance,  on  any  azimuth,  must  lie  within  the  range 
between  the  minimum  coordination  distance  and  the 
maximum  calculation  distance. 


3.  SYSTEM  PARAMETERS 

As  stated  earlier,  in  the  determination  of  the 
coordination  area,  the  pertinent  parameters  of  the 
coordinating  earth  station  are  known,  but  knowledge 
of  the  ten-estrial  stations  or  other  earth  stations  sharing 
that  frequency  range  is  limited.  Hence  it  is  necessary 
to  rely  on  assumed  system  parameters  for  the 
unknown  terrestrial  stations  or  the  unknown  receiving 
earth  stations. 

In  this  respect.  Liaison  Statements  were  sent  out 
by  TG  1/6  in  the  beginning  of  study  program  to  all 
relevant  ITU-R  Working  Parties  with  an  objective  to 
seek  inputs  from  various  WPs  since  a  wide  variety  of 
radiocommunication  services  over  the  extended 
frequency  bands,  even  for  stations  operating  in 
bidrectionally  allocated  bands,  are  involved. 

These  parameters  are  captured  in  Tables  1-3  of 
the  Annex  2  of  the  DNR.  The  system  parameter 
values  are  required  by  the  methods  in  the  DNR  to 
determine  the  coordination  area  around  a  coordinating 
earth  station  in  the  space  services  when  the  band  is 
shared  with  terrestrial  radiocommunication  services  or 
other  earth  stations  operating  in  the  opposite  direction 
of  transmission. 

Table  1  in  Annex  2  of  the  DNR  is  limited  to  those 
system  parameter  values  required  for  the  case  of  a 
transmitting  earth  station  sharing  the  same  spectrum 
with  terrestrial  services.  Table  2  is  limited  to  those 
parameter  values  required  for  the  case  of  a  receiving 
earth  station  sharing  spectrum  with  terrestrial 
services.  Table  3  is  a  new  Table  created  by  TG  1/6 
and  is  limited  to  those  parameter  values  required  for 
the  case  of  a  coordinating  transmitting  earth  station 
which  is  sharing  spectrum  in  a  bi-directionally 
allocated  band  with  other  earth  stations  operating  in 
the  opposite  direction  of  transmission. 

These  system  parameter  Tables  include  primary 
allocations  to  the  space  and  terrestrial  services  in 


Article  S5  of  the  Radio  Regulations  in  all  bands 
between  100  MHz  and  105  GHz.  Some  of  the 
columns  in  the  Tables  have  incomplete  information. 
In  some  cases,  this  is  because  there  is  no  requirement 
to  calculate  coordination  distances  as  pre-determined 
coordination  distances  apply.  In  other  cases,  the 
service  allocations  are  new  and  the  systems  may  not 
be  introduced  for  some  years.  Hence,  the  system 
parameters  are  the  subject  of  ongoing  development 
within  the  ITU-R  Study  Groups. 

4.  PROCEDURES  &  METHODOLOGIES 

The  work  in  this  category  was  largely  focussed 
on  providing  new  and  updated  methods  to  determine 
the  coordination  area  around  an  earth  station 
operating  to  non-geostationary  space  stations, 
including  diose  operating  in  bidirectional  bands. 

For  earth  stations  that  operate  to  non¬ 
geostationary  space  stations  and  track  the  space 
station,  the  antenna  gain  in  the  direction  of  the 
horizon  on  any  azimuth  varies  with  time.  Two 
methods  are  available  to  take  this  effect  into  account 
and  are  described  in  the  sections  below. 

4.1  Time- Invariant  Gain  (TIG)  Method 

The  TIG  method  uses  fixed  values  of  antenna 
gain  based  on  the  maximum  assumed  variation  in 
horizon  antenna  gain  on  each  azimuth  under 
consideration.  The  values  of  horizon  anteima  gain  are 
used  for  each  azimuth  to  determine  the  propagation 
mode  (1)  required  distances.  They  are  derived  from 
the  antenna  pattern  and  the  maximum  and  minimum 
angular  separation  of  the  antenna  main  beam  axis 
from  the  direction  of  the  physical  horizon  at  the 
azimuth  under  consideration. 

The  TIG  method  is  used  to  determine  the 
coordination  contour.  This  method  provides  ease  of 
implementation  since  it  is  not  dependent  on  the 
availability  of  the  distribution  of  the  values  for  the 
horizon  gain  of  the  earth  station  antenna.  As  a 
consequence  of  this  simplification,  it  usually 
overestimates  the  necessary  distance.  In  order  to 
reduce  the  coordination  burden  and  on  the  basis  of 
bilateral  and  multilateral  agreements,  administrations 
can  use  the  TVG  method  (see  below)  to  draw 
supplementary  contours  and  obtain  less  conservative 
results, 

4.2  Time-Variant  Gain  (TVG)  Method 

The  TVG  method  requires  the  cumulative 
distribution  of  the  time-varying  horizon  antenna  gain 
of  an  earth  station  operating  to  a  non-geostationaiy 
space  station.  This  method  closely  approximates  the 
convolution  of  the  distribution  of  the  horizon  gain  of 
the  earth  station  antenna  with  the  propagation  mode 
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(1)  path  loss.  This  approach  may  produce  slightly 
smaller  distances  than  those  obtained  by  an  ideal 
convolution  which  cannot  be  implemented  due  to  the 
limitations  of  the  current  model  for  propagation  mode 
(1). 

Hence,  in  comparison  to  the  TIG  method,  the 
TVG  method  usually  produces  smaller  distances,  but 
requires  greater  effort  in  determining  the  cumulative 
distribution  of  the  horizon  gain  of  the  earth  station 
antenna  for  each  azimuth  to  be  considered. 

The  use  of  the  TVG  method  is  supported  by  ITU- 
R  WP  4/9S  and  ITU-R  WP  4A. 

5.  CONCLUSIONS 

The  work  of  TG  1/6,  which  spanned  over  about 
two  and  a  half  years,  was  completed  during  the  fifth 
and  final  meeting  which  took  place  during  November 
1-5,  1999  in  Geneva.  All  the  major  requirements 
identified  in  Question  ITU-R  212/1  have  been 
addressed  and  satisfied.  The  output  of  TG  1/6  was  a 
Draft  New  Recommendation  which,  upon  approval  by 
the  Radiocommunication  Assembly,  will  form  the 
basis  for  the  World  Radio  Conference  (WRC)  2000  to 
update  Appendix  S7  of  the  Radio  Regulations, 

The  work  of  TG  1/6  was  of  much  diverse 
complexity  and  difficulty.  Its  success  was  largely 
attributed  to  the  hard  working  coordinators,  delegates, 
all  participating  Administrations,  the  ITU-R 
counsellors,  and  in  particular,  the  relevant  WPs.  These 
are  WP3M,  WP  4-9S,  WP4A,  WP  7B,  WP  7C,  WP 
8A,  WP  8B,  WP  8D,  WP  9B,  WP  9D,  and  JWP  10- 
1 1 S  which  provided  valuable  inputs  and  contributions 
during  the  entire  course  of  the  study. 

A  number  of  topics  for  future  studies  have  also 
been  identified.  These  arc: 

•  Methods  considering  the  cummulative  impact  in 
determining  the  coordination  areas  for  high- 
density  earth  stations  (fixed  and  mobile)  or  based 
on  system  parameters  representing  high  density 
use  (fixed  and  mobile). 

•  Methods  to  address  the  modeling  of  VHF/UHF 
frequencies  for  percentages  of  time  below  1  %. 

•  Some  system  parameter  values  still  missing  from 
the  parameter  value  Tables. 

•  Future  consideration  of  suppression  of 
Recommendations  ITU-R  IS. 847-1,  IS.848-1,  and 
IS. 849-1,  since  the  material  contained  in  these 
Recommendations  has  been  updated  and  now 
contained  inthenewDNR.  Future  revision  to 
Question  ITU-R  212/1,  now  that  the  work  of  TG 


1/6  has  been  completed.  Future  maintenance  of 
the  DNR  considering  that  the  propagation 
information  contained  in  the  DNR  originated 
from  Recommendation  ITU-R  P.620-4  which 
was  a  composite  document  bringing  together 
material  from  a  relatively  large  number  of  ITU-R 
P.Series  Recommendations. 

•  The  collection  of  experience  in  the  future  use  of 
the  Time  Variant  Gain  (TVG)  method. 

•  The  development  of  equations  for  the  Time 
Invariant  Gain  (TIG)  method  for  non-circular 
orbit  situations. 
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1.  INTRODUCTION 

In  1996,  ITU-R  Study  Group  I  (Spectrum  Utilisation 
and  Monitoring)  established  Task  Group  1/5  to  study 
all  unwanted  emissions,  the  first  meeting  was  held  in 
Geneva  in  July  1997.  The  main  objective  of  the  study 
is  to  continue  the  work  of  an  earlier  task  group,  which 
considered  only  spurious  emissions.  The  other 
important  objectives  are  to  produce: 

•  ‘safety  net’  limits  for  out-of-band  emissions; 

•  appropriate  spurious  emission  limits  for  space  sys¬ 
tems; 

•  recommendations  to  protect  safety  and  passive 
services  from  unwanted  emissions,  in  particular 
from  satellite  systems; 

•  a  definition  of  the  boundary  condition  between 
spurious  and  out-of-band  emissions; 

•  an  interference  analysis  tool  based  on  the  Monte 
Carlo  simulation  method; 

•  revisions  of  existing  recommendations  SM.326, 
328  and  329. 

The  Task  Group  has  had  six  meeting  to  date  and 
intends  to  conclude  its  work  during  the  meeting  sched¬ 
uled  for  October  2000  in  Geneva 

2.  THE  DEFINITION  AND  SCENE  SETTING 

From  tlie  definition  given  in  the  Radio  Regulations,  it 
can  be  seen  that  unwanted  emissions  consist  of  spu¬ 
rious  emissions  and  out-of-band  emissions.  Spurious 
emissions  include  harmonic  emissions,  parasitic  emis¬ 
sions,  inter-modulation  products  and  frequency  con¬ 
version  products.  In  recent  years,  spectrum  sharing  has 
become  a  very  complex  subject  with  the  emergence  of 
digital  modulation  techniques  such  as  TDMA/CDMA, 
coupled  with  the  introduction  of  new  types  of  satellite 


services,  especially  non-geostationary  medium  and  low 
orbit  (NGSO)  satellite  networks.  The  frequency  allo¬ 
cation  table  in  Article  S5  of  the  Radio  Regulations 
does  not  help  the  spectrum  engineer,  as  allocations  to 
high  power  satellite  systems  are  often  placed  adjacent 
to  services  such  as  safety-of-life  and  radio  astronomy 
that  use  sensitive  receivers  and  require  a  high  degree 
of  protection  from  interference. 

In  making  its  recommendations,  tlie  Task  Group  has 
taken  full  account  of  spectrum  efficiency  objectives, 
together  with  the  need  to  provide  an  acceptable  level 
of  protection  for  other  services,  and  then  attempt  to 
find  a  careful  balance  with  the  requirement  to  foster 
the  introduction  of  new  telecommunication  services 
without  a  prohibitive  economic  burden  in  reducing 
unwanted  emission  levels. 

There  has  been  conflict  in  tlie  Task  Group  between 
members  representing  the  different  services.  On  one 
hand,  some  consider  that  their  operations  will  be 
constrained  unnecessarily  if  too  stringent  limits  for 
unwanted  emissions  are  specified  for  their  services, 
even  meeting  the  minimum,  so  called  “safety  net”, 
limits  can  be  costly.  On  the  other  hand,  the  scientific 
communities  require  their  services  to  be  fully  protec¬ 
ted,  while  some  administrations  see  unwanted  emis¬ 
sion  limits  as  an  essential  means  protect  the  spectrum 
for  future  new  services. 

3.  WORKPLAN,  METHOD  OF  WORKING 
AND  PROGRESS 

The  Task  Group  has  set  up  a  number  of  drafting 
groups  to  make  progress  on  the  important  objectives  as 
specified  in  ITU-R  Question  21  I/I  and  ITU-R  Deci¬ 
sion  1/39.  The  Task  Group  needs  the  practical  advice 
of  experts  from  the  different  services,  therefore  its  has 
been  working  very  closely  with  otlier  ITU-R  study 
groups.  Additionally,  a  good  working  relationship  has 
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been  established  with  CISPR  to  take  account  of  the 
convergence  between  radiocommunications  and  infor¬ 
mation  technology  (IT)  equipment. 

Annex  1  gives  details  of  the  progress  made  so  far  for 
each  area  of  work. 

The  following  important  tasks  have  still  to  be  comple¬ 
ted  by  the  final  meeting: 

•  Draft  new  recommendation  on  the  “safety  net”  lim¬ 
its  for  the  out  of  band  emissions: 

•  Draft  new  report  on  the  Monte  Carlo  spectrum 
management  tool. 

•  Draft  new  recommendation  on  the  protection  of 
safety  services  from  unwanted  emissions 

•  Draft  new  recommendation  on  the  protection  of 
passive  services  from  unwanted  emissions 

•  Draft  report  on  the  boundary  conditions  between 
spurious  and  out-of-band  of  emissions  this  an 
agenda  item  for  a  fiiture  world  radio  conference 

4.  CONCLUSIONS 

Since  its  first  meeting,  the  Task  Group  has  made 
excellent  progress. 

It  has  revised  three  existing  recommendations: 

•  ITU-R  SM.329  spurious  emissions; 

•  ITU-R  SM.328  spectra  and  bandwidth  of  emis¬ 
sions; 

•  ITU-R  SM.326  determination  and  measurement  of 
the  power  of  the  radio  transmitters. 

It  has  also  produced  the  following  documents. 

•  A  new  Report  on  production  and  mitigation  of 
intermodulation  products  in  the  transmitter; 

•  A  new  Recommendation  on  determination  and 
measurement  of  intermodulation  products  in  trans¬ 
mitters  using  frequency,  phase  or  complex  modu¬ 
lations; 

•  in  preparation  for  WRC2000,  a  contribution  from 
TGl/5  has  been  accepted  by  the  recent  CPM  for 
inclusion  in  Chapter  7  of  the  CPM  Report.  It  deals 
with  spurious  limits  for  space  systems  and  includes 
proposals  for  improvements  to  the  text  of  the 
Appendix  S3  of  the  Radio  Regulations. 

•  A  draft  new  Recommendation  on  “The  protection 
of  services  from  interference  caused  by  out-of-band 


emissions  of  transmitters  operating  at  the  outer¬ 
most  frequency  of  adjacent  allocated  bands”. 

Unwanted  emissions  are  a  form  of  pollution  that  can 
render  the  radio  spectrum,  a  finite  natural  resource, 
unusable  or  difficult  to  use.  It  is  therefore  in  the  inter¬ 
ests  of  all  radio  services  to  cooperate  in  the  studies  to 
reduce  effects  of  unwanted  emissions  in  the  most  effec¬ 
tive  and  economical  way  possible.  Otherwise,  if  the 
necessary  measures  are  not  taken  now,  then  only 
a  limited  amount  of  spectrum  will  remain  available  for 
the  introduction  of  fiiture  new  technologies  and  ser¬ 
vices.  In  addition,  there  will  be  severe  constraints  on 
the  use  of  the  radio  spectrum  for  the  benefit  of  man¬ 
kind  through  the  pursuit  of  scientific  knowledge  and 
the  effective  management  of  the  Earth’s  natural 
resources. 

Finally,  who  benefits  from  the  efficient  use  of  the  spec¬ 
trum? 

•  Users/operators,  since  more  spectrum  is  available 
for  new  services; 

•  Manufacturers,  through  selling  more  equipment; 

•  Regulators,  due  to  increased  revenue  from  additio¬ 
nal  licence  fees  and  increased  GNP. 
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Annex  1 :  TGl/5  Workplan  and  progress  in  each  area 
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The  role  of  the  ITU  in  the  spectrum  management  is 
reviewed  in  this  paper  The  ITU  has  provided  a  forum 
for  setting  standards  for  radio  systems  since  1906 
when  the  first  edition  of  the  Radio  Regulations  was 
approved.  Today,  the  ITU  Radio  Regulations  define 
40  radiocommunication  services,  all  depend  on 
frequency  allocations.  In  1998,  the  ITU  Plenipoten¬ 
tiary  Conference  approved  Council  Resolution  1 1  SO 
to  convene  WRC-2000  in  Istanbul  (Turkey)  from 
8  May  -  2  June  2000.  The  Agenda  includes  many  dif¬ 
ficult  and  important  items  on  possible  frequency  allo¬ 
cations  and  necessary  regulatory/procedural  modi¬ 
fications,  which  will  facilitate  use  of  frequency  bands 
up  to  275  GHz  by  practically  all  radiocommunication 
services.  The  duties  and  functions  of  the  Conference 
Preparatory  Meeting  are  considered.  The  main  results 
of  WRC-2000  will  he  reported  at  the  symposium. 

1.  INTRODUCTION 

The  future  of  many  new  radiocommunication  services 
depends  critically  on  availability  of  the  frequency 
bands  within  radio-frequency  spectrum.  However,  the 
spectrum  is  a  resource  limited  by  technology  and 
management  capability.  As  the  demand  on  resources 
like  spectrum/orbit  grows,  and  as  the  complexity  of 
radio  systems  increases,  there  is  greater  need  for  inter¬ 
national  cooperation.  Each  country  should  therefore 
work  together  with  other  countries  to  maximize  its 
benefit. 

The  Agenda  of  the  2000  World  Radiocommunication 
Conference  (Istanbul,  8  May  -  2  June  2000)  included 
many  difficult  and  important  items.  The  Conference 
considered  two  sets  of  problems  that  are  traditional  for 
such  conferences: 

0  possible  frequency  allocations  to  the  radio-com¬ 
munication  services;  and 

0  necessary  regulatory  modifications  wliich  will 
facilitate  the  efficient  use  of  spectrum. 

At  the  international  level,  tlie  ITU  has  provided  a 
forum  for  such  cooperation.  An  important  element  of 
that  cooperation  is  setting  standards  for  radio  systems. 


This  activity  has  continued  since  1906  when  the  lim¬ 
ited  nature  of  spectrum  was  recognized  and  the  first 
international  radio  treaty  provisions  (the  Service 
Regulations)  were  adopted.  The  scope  of  this  recogni¬ 
tion  has  since  been  extended  to  include  the  limited 
nature  of  the  geostationary  satellite  orbit.  The  first 
allocation  of  radio  frequencies  to  the  various  radio 
services  was  made  in  1927.  The  Conference  also 
created  the  CCIR  (now  the  ITU-R  Study  Groups)  to 
develop  technical  bases  for  efficient  utilization  of  the 
frequency  spectrum  and  to  recommend  performance 
standards  for  radio  systems.  Held  in  1932,  1947,  1959 
and  1979,  tire  conferences  completely  revised  the 
Radio  Regulations  (RR). 

Today,  the  ITU  work  on  radio  is  consolidated  in  the 
Radiocommunication  Sector  (ITU-R)  with  the  aim  to 
ensure  rational,  equitable,  efficient  and  economical 
use  of  the  spcctruni/orbit  resource  by  all  radio  services. 

2.  ITU  ACTIVITY 
IN  RADIOCOMMUNICATIONS 

According  to  the  ITU  Constitution  and  Convention  the 
Radiocommunication  Sector  works  tlirough: 

0  World  Radiocommunication  Conference  (WRC); 

0  Radio  Regulations  Board  (RR); 

0  Radiocommunication  Assembly  (RA); 

0  Radiocommunication  Study  Groups  (ITU-R  SGs); 
0  Radiocommunication  Advisory  Group  (RAG); 

0  Radiocommunication  Bureu  (BR). 

The  legislative  functions  of  the  Sector,  involving  the 
revision  of  the  RR,  are  the  responsibility  of  World 
Radiocommunication  Conferences.  These  arc  normally 
organized  every  two/lhree  years,  with  Assemblies 
being  associated  in  time  and  place  with  Conferences. 
The  responsibility  of  Radiocommunication  Assemblies 
is  to  provide  the  technical  and  operational  basis  for  the 
rational,  efficient,  economical  and  equitable  use  of  the 
spectrum/oibit  resources  by  all  radiocommunication 
services. 
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A  WRC  when  revising  the  RR  should: 

♦  take  into  account  technical  progress  and  the 
requirements  of  radiocommunication  services;  and 

♦  provide  the  basic  tools  which  will  enable  countries 
to  improve  the  utilization  of  the  limited  spec- 
trum/oibit  resources. 

The  following  three  approaches  are  used  by  WRCs  to 
regulate  spectrum  utilization: 

=>  frequency  band  allocation  to  the  terrestrial  or 
space  radiocommunication  services,  or  the  radio 
astronomy  service  (Table  of  Frequency  Alloca¬ 
tions; 

=>  allotment  of  a  radio  frequency  or  radio  frequency 
channel  to  coimtries  or  geographical  areas,  for 
terrestrial  or  space  radiocommunication  services; 

=>  assignment  of  a  radio  frequency  or  radio  fre¬ 
quency  channel  to  a  radio  station. 

The  1989  ITU  Plenipotentiaiy  Conference  created 
a  Voluntary  Group  of  Experts  (VGE)  to  study  allo¬ 
cation  and  improved  use  of  the  spectrum  and  simpli¬ 
fication  of  the  RR.  \VRC-95  based  on  the  VGE  recom¬ 
mendations  has  reviewed  and  simplified  tlie  RR.  The 
Radio  Regulations,  edition  1998  serve  as  the  primary 
international  agreement  covering  rules  and  procedures 
for  operating  a  radio  system  and  for  resolving 
problems  of  interference.  The  Table  of  Frequency 
Allocations  and  the  different  Allotment  and  Assign¬ 
ment  Plans  are  used  as  a  basis  for  international  and 
national  spectrum  utilization. 

3.  BACKGROUND 

At  WRC-97  a  long  list  of  items  was  proposed  for 
inclusion  to  the  Agenda  of  the  next  two  Conferences. 
Among  them  there  were  eight  items  that  could  only  be 
included  in  the  agenda  for  WRC-2000  if  the  ITU 
Council  can  provide  extra  budgetary  and  conference 
resources.  Many  proposals  from  administrations  have 
not  been  included  and  have  been  deferred  to  future 
conference  agendas.  The  Council  decided  not  to 
include  these  items  to  the  agenda  for  WRC-2000  (see 
Resolution  1130). 

Indeed,  the  WRC-2000  agenda  includes  many  difficult 
and  important  items.  The  Conference  will  consider 
possible  frequency  allocations  and  necessary  regula¬ 
tory  modifications  that  will  facilitate  the  use  of  spec¬ 
trum  up  to  275  GHz  by  practically  all  radiocommuni- 
cation  services,  in  particular: 

•  IMT-2000; 

•  maritime  and  aeronautical  services; 

•  space  science  services; 

•  fixed  service  including  high-density  applications 
and  high-altitude  platform  stations; 

•  radionavigation-satellite  service;  and 


•  broadcasting-satellite  service. 

•  fixed-satellite  service  including  non-GSO  and 
GSO  satellite  systems; 

In  addition,  the  Conference  will  consider  topics  ref¬ 
erred  to  it  by  the  1998  Plenipotentiary  Conference 
such  as: 

•  evaluation  of  the  administrative  due  diligence 
procedure  for  satellite  networks  adopted  by  WRC- 
97; 

•  simplification  of  coordination  and  notification 
procedures  for  satellite  networks; 

•  role  of  the  notifying  administration  in  the  case  of 
an  administration  notifying  on  behalf  of  a  named 
group  of  administrations;  and 

•  implementation  of  processing  charges  for  satellite 
network  filings  and  administrative  procedures. 

4.  ORGANIZATION  OF  THE  ITU-R  STUDIES 

According  to  the  ITU  Constitution  the  Radiocommu¬ 
nication  Assembly  provides  the  necessary  technical 
bases  for  the  spectrum  management. 

One  of  tlie  tools  to  achieve  the  Sector’s  aim  is  the 
development  of  ITU-R  Recommendations  on  the  tech¬ 
nical  characteristics  and  operational  procedures  for 
radiocommunication  services  and  systems.  ITU-R  Re¬ 
commendations  approved  by  the  Member  States  con¬ 
tain  the  best  currently  available  information  on  a  topic 
and  may  be  regarded  as  “standards”. 

Technical  studies  leading  to  the  production  of  Recom¬ 
mendations  are  undertaken  in  the  ITU-R  Study 
Groups,  each  of  which  addresses  a  particular  area  of 
radiocommunications.  The  ITU-R  Study  Groups  (ex- 
CCIR)  terms  of  reference  have  periodically  been 
reviewed  and  modified  to  follow  the  current  needs  of 
the  participants,  but  studies  of  the  efficient  use  of  the 
radio  frequency  spectrum  and  the  geostationary  satel¬ 
lite  orbit  have  always  been  included. 

The  ITU-R  studies  are  focused  on  the  technical  and 
operational  aspects  of  the  spectrum  management. 
Studies  on  spectrum  management  include: 

=>  studies  of  “General  principles”  which  are 
common  for  all  services  defined  by  the  RR; 

=>  “Service  oriented  ”  studies  which  concern 
requirements  of  the  specific  service  or  services. 

“General  principles”  include: 

0  characteristics  of  the  transmitted  signals  (necessary 
bandwidth,  frequency  tolerances,  level  of  unwanted 
emission,  etc.); 

0  propagation  for  the  different  frequency  bands  and 
geographic  regions; 

0  general  principles  of  sharing; 

0  avoidance  of  interference; 
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0  noise  levels; 

0  spectrum  control. 

“Service  oriented  principles”  include; 

0  system  characteristics; 

0  sharing  criteria; 

0  interference  criteria; 

0  protection  ratios. 

The  1997  Radioconununication  Assembly  adopted  the 
work  programs  and  the  structure  of  the  ITU-R  Study 
Groups  including  Special  Committee  (SC)  on  regu¬ 
latory/procedural  matters  and  Conference  Preparatory 
Meeting  (CPM)  (see  Table  1): 


1 

Radiocommunication  Study  Groups 

SG  1 

Spectrum  Management 

SG  3 

Radio  Wave  Propagation 

SG  4 

Fixed-Satellite  Service 

SG  7 

Science  Services 

SG  8 

Mobile,  Radiodetermination,  Amateur  and 
Related  Satellite  Services 

SG  9 

Fixed  Service 

SGIO 

Broadcasting  Service  (Sound) 

SGll 

Broadcasting  Service  (Television) 

SC 

Special  Committee  on 
Rezulatory/Procedural  Matters 

CPM 

Conference  Preparatory  Meetinf^ 

Table  1.  Structure  of  the  ITU-R  Study  Groups 


In  the  1997  -  1999  study  period  ITU-R  Study  Groups 
carry  out  studies  on  more  than  400  (Questions  and 
manage  around  800  ITU-R  Recommendations. 

5,  THE  ITU-R  PREPARATION  FOR  THE  WRC 

The  ITU-R  Study  Groups  also  cany  out  preparatory 
studies  of  the  technical,  operational  and  procedural 
matters  to  be  considered  by  Radiocommunication 
Conferences.  For  such  preparation  the  Assembly  set 
up  by  its  Resolution  ITU-R  2  Conference  Preparatory 
Meeting  (CPM). 

The  purpose  of  the  CPM  is  to  develop  and  approve  the 
CPM  Report  to  a  WRC.  Tlie  CPM  Report  combines 
the  technical  report  for  the  agenda  items  of  a  WRC 
and  the  regulatory/procedural  advice  prepared  by  the 
SCRPM.  The  CPM  Report  can  be  considered  as  a 
guide  to  administrations  to  assist  in  their  preparations 
to  a  WRC.  It  is  the  purpose  of  the  CPM  Report  to 
illustrate  the  possible  methods  to  satisfy  the  agenda  - 
botli  advantages  and  disadvantages.  Therefore  the 
CPM  does  not  make  the  decision  on  how  to  resolve  a 
WRC  agenda  item  that  is  for  the  WRC  itself.  It  is 
important  that  Administrations  participate  in  the  CPM 
process,  to  insure  that  all  the  technical  issues 
pertaining  to  WRC  agenda  items  are  adequately 
reflected  in  the  CPM  Report. 


For  each  WRC  there  are  two-CPM  sessions:  CPM-1 
and  CPM-2.  As  the  first  CPM  establishes  the  work 
program  needed  to  prepare  the  final  report  it  is  essen¬ 
tial  that  it  be  held  as  soon  as  possible  after  the  pre¬ 
ceding  WRC  has  determined  the  agenda  to  be  recom¬ 
mended  for  the  next  two  WRC.  It  has  normally  been 
held  in  the  week  following  a  WRC,  only  two  days  in 
length.  The  CPM-2  usually  meets  six  months  before  a 
WRC  to  prepare  its  Final  Report  to  a  WRC.  Organi¬ 
zation  of  the  ITU-R  conference  preparatory  work  is 
shown  in  Figure  1. 


Fig.  1.  Oi^anization  of  the  conference  preparatory  work 

The  1997  Radiocommunication  Assembly  by  its  Reso¬ 
lution  ITU-R  2-2  re-confirmed  that  preparatory  studies 
for  a  WRC  arc  to  be  carried  out  by  a  CPM  and 
nominated  Mr.  T.  Boe  (Norway)  as  the  Chairman  of 
CPM-99,  Mr.  R.  Barton  (Australia)  and  Mr.  E.  Beh- 
dad  (Islamic  Republic  of  Iran)  as  the  Vice-Chairmen. 
Mr.  T.  Boe,  due  to  other  obligations,  was  no  longer 
available  to  chair  the  CPM.  Consequently,  following 
consultations  with  both  Vice-Chairmen  of  the  CPM,  it 
was  proposed  that  Mr.  R  Barton  act  as  Chairman  of 
the  CPM  for  WRC-2000. 

The  first  Conference  Preparatory  Meeting  (Geneva, 
26-27  November  1997)  organized  preparatory  studies 
for  WRC-2000  and  identified  studies  for  the  following 
WRC.  A  structure  for  the  CPM  Report  to  WRC-2000 
was  agreed  together  with  a  preparatory  process,  work¬ 
ing  procedures  and  a  chapter  structure. 

All  WRC-2000  agenda  items  were  grouped  in  the 
seven  Chapters.  The  meeting  appointed  a  Rapporteur 
for  each  Chapter  to  assist  the  CPM  Chairman  in 
managing  the  development  and  flow  of  draft  report 
contributions.  The  meeting  also  decided  that  all  appro¬ 
priate  regulatory/procedural  studies  on  the  relevant 
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to  WRC-2000  with  indication  of  the  Chapter  Rap¬ 
porteurs  and  the  Assistant  on  regulatory/procedui^ 
matters  is  shown  in  Table  2. 


agenda  items  would  be  carried  out  by  the  Special 
Committee  and  the  results  of  the  studies  should  be 
submitted  as  contributions  to  the  work  of  CPM-2  in 
finalizing  its  report.  The  structure  of  the  CPM  Report 


Table  2.  Structure  of  the  CPM  Report  to  WRC-2000 


Chapter  of  the  CPM  Report  to  WRC-2000 

Rapporteur 

SC  Assistant 

Chapter  1.  Mobile  and  radionavigation  services 

Mr.  C.  Van  Diepenbeek  (Netherlands) 

Mr.  R.  Amero  (Canada) 

Chapter  2.  Mobile-satellite  and  radionavigation- 
satellite  services 

Mr.  S.  Jones  (United  Kingdom) 

Not  required 

Chapter  3.  Non-GSO  FSS  issues 

Ms.  V.  Rawat  (Canada) 

Mr.  Ronald  Davidson  (USA) 

Chapter  4.  Space  science  services  and  radio  astronomy 

Mr.  R.  Jacobson  (Australia) 

Not  required 

Chapter  5.  Appendices  S30  and  S30A 

Mr.  E.  Behdad  (Islamic  Republic  of  fran) 

Mr.  Fran9ois  Raney  (France) 

Chapter  6.  Fixed  and  Fixed-satellite  services 

Mr.  H.  Kimball  (United  States) 

Mr.  Alan  Ashman  (Australia) 

Chapter  7.  Other  matters 

Mr.  N.  Kisrawi(Syria) 

Mr.  Frank  Williams  (USA) 

Chapter  8.  Progress  of  studies  for  future  conferences 

Not  required 

All  the  necessaiy  ITU-R  studies  were  completed  by  3 1 
May  1999,  as  was  agreed  at  the  first  CPM  in  1997.  On 
the  basis  of  the  available  reports  from  ITU-R  Study 
Groups,  a  draft  CPM  Report  to  WRC-2000  was  pre¬ 
pared.  For  each  Agenda  item  a  Chapter  contains  sum¬ 
mary  of  tec^cal  and  operational  studies,  analysis  of 
the  results  of  these  studies,  and  methods  to  satisfy  the 
agenda  item  and  there  advantages  and  disadvantages. 

CPM99-2  met  fi*om  15  to  26  November  1999,  at  that 
time  tlie  Report  was  finalized.  The  purpose  of  this 
CPM-2  was  essentially  to  review,  modify,  and  approve 
the  CPM  Report  to  WRC-2000.  Administrations  and 
organizations  submitted  input  contributions  with  pro¬ 
posals  to  modify  the  Draft  CPM  Report.  The  Report 
prepared  by  the  SC  was  merged  with  the  technical 
content  to  provide  a  consolidated  CPM  Report. 

The  burden  of  preparation  for  future  conferences  is 
likely  to  increase.  There  is  a  need  for  overall 
interregional  consultations  and  coordination.  Regional 
preparations  for  WRCs  are  becoming  more  important 
in  the  whole  process.  Many  regional  telecommunica¬ 
tion  organizations  have  coordinated  their  preparations 
for  WRC-2000.  A  number  of  common  proposals  have 
been  submitted  to  this  Conference  from  administra¬ 
tions  participating  in  the  regional  telecommunication 
organizations.  The  consolidation  of  views  at  regional 
level,  together  with  the  opportunity  for  interregional 
discussions  prior  to  the  Conference,  has  eased  the  task 
of  reaching  a  consensus  during  the  Conference.  There 
is  consequently  great  benefit  to  the  Member  States  of 
coordination  of  preparations  at  regional  level.  The 
success  of  future  conferences  will  depend  on  greater 
efficiency  of  regional  coordination  and  interaction  at 
interregional  level  prior  to  future  conferences. 


6.  CONCLUSIONS 

Since  its  creation  in  1993,  CPM  has  become  a  key 
instrument  for  ITU  Member  States  and  Sector 
Members  alike,  as  the  results  of  its  work  on  technical, 
operational,  regulatory  and  procedural  items  enable 
administrations  to  move  towards  a  consensus  in  many 
areas  before  the  conference  even  begins. 

Through  a  cooperative  effort,  a  common  position  has 
been  reached,  satisfying  all  parties  involved.  Decisions 
on  frequency  allocations  and  inter-service  sharing 
arrangements  will  be  taken,  largely  by  consensus,  by 
the  participating  delegations  at  WRC-2000.  The  ITU- 
R  preparation  is  the  first  step  towards  reaching  such  a 
consensus. 

The  results  of  WRC-2000  will  be  presented  on  the 
slides  that  wiU  be  prepared  during  and  after  the  Con¬ 
ference. 
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Spectrum  sharing  and  spectrum  fees  is¬ 
sues  are  considered  in  line  with  activities  of  Work¬ 
ing  Party  IB  "Principals  and  techniques  for  spec¬ 
trum  planning,  and  sharing  and  utilization"  of  the 
Study  Group  1  "Spectrum  management",  working 
within  Radiocommunication  Sector  of  the  Inter¬ 
national  Telecommunication  Union  (ITU-R). 
The  major  issues  of  relevant  ITU-R  Recommenda¬ 
tions  and  Reports  are  commented  and  some  sug¬ 
gestions  concerning  their  possible  improvements 
are  presented  for  further  considerations. 


1.  INTRODUCTION 

Working  Party  IB  (WP  IB)  "Principals 
and  techniques  for  spectrum  planning,  and  sharing 
and  utilization"  of  the  ITU-R  Study  Group  1  (SG  1) 
"Spectrum  management"  is  working  under  direc¬ 
tion  of  10  Questions  and  10  Recommendations 
assigned  to  its  activities,  as  it  is  presented  in  Sec¬ 
tion  IB  of  the  ITU-R  SM  Series  Volume  of  1997 
[1].  One  Recommendation,  ITU-R  SM.337-4 
"Frequency  and  distance  separation",  exists  since 
1948  and  during  this  period  it  was  revised  8  times. 
The  rest  Recommendations  were  developed  in  the 
period  since  1990  (some  of  them  -  on  the  basis  of 
previous  CCIR  Reports).  However,  the  majority  of 
the  Recommendations  were  developed  since 
1995.  There  is  also  one,  newly  approved  by  SG  1, 
Report  ITU-R  SM.  2022  “The  effect  on  digital 
communications  systems  of  interference  from 
other  modulation  schemes”.  These  Recommenda¬ 
tions  and  the  Report  mainly  concern: 

-  protection  ratios  for  sharing  investigations; 

-  definition  of  spectrum  use  efficiency  of  a  radio 
system: 

-  techniques  for  aiding  frequency  assignment  for 
terrestrial  services  in  border  areas; 

-  different  spectrally  efficient  techniques  and 
systems  (multi-service  ones,  adaptive  antenna, 
spread  spectrum  and  digital  techniques)  and 


their  performance  functions  in  various  interfer¬ 
ence  environments,  etc. 

Since  1995  WP  IB  has  been  studying  the 
new  ITU-R  subject  -  spectrum  economic  issues 
and  in  1997  it  developed  the  first  ITU-R  output 
document  on  the  matter  that  is  Report  ITU-R 
SM.2012  "Economic  aspects  of  spectrum  man¬ 
agement"  [2]. 

Spectrum  sharing  and  spectrum  fees  issues 
in  their  further  development  within  WP  IB  are 
shortly  discussed  in  the  paper.  It  is  necessary  to 
mention,  that  WP  1B  covers  only  general  princi¬ 
pals  and  techniques  of  spectrum  sharing  but  par¬ 
ticular  application  issues,  associated  with  exact 
radio  services,  are  studied  by  other  ITU-R  SG-s. 
In  this  short  paper  it  is  not  possible  at  all  to  ana¬ 
lyse  those  numerous  Recommendations  on  the 
subject  developed  outside  WP  IB. 


2.  SPECTRUM  SHARING 

All  issues  covered  by  Recommendations 
presented  in  Section  IB  of  ITU-R  Volume  SM  [1] 
and  by  Report  ITU-R  SM.2022  can  be  considered 
only  as  technical  criteria  for  spectrum  planning 
and  sharing.  However,  up  to  1995  there  was  no 
ITU-R  Recommendation  concerning  general  prin¬ 
cipals  of  spectrum  sharing.  The  Recommendation 
on  the  matter,  ITU-R  SM.1132  “General  principles 
and  methods  for  sharing  between  radio  services", 
was  created  only  in  1995  but  in  [1]  it  was  allocated 
to  Section  1A  of  the  Volume  which  is  covered  by 
WPIAofSGI. 

Recommendation  stated  that  utilization  of 
the  radio  spectrum  is  dependent  on  frequency, 
time,  spatial  location  and  orthogonal  signal 
separation.  Any  sharing  of  the  spectrum  will  have 
to  take  into  account  one  or  more  of  these  dimen¬ 
sions.  Sharing  can  be  accomplished  in  a  straight- 
fonvard  fashion  when  any  two  of  these  dimensions 
are  in  common  and  the  third  and/or  fourth  dimen¬ 
sion  differs  by  a  degree  sufficient  to  ensure  that  all 
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the  involved  services  (two  or  more)  can  operate 
satisfactorily.  Sharing  can  also  be  accomplished 
when  services  have  ail  four  dimensions  in  com¬ 
mon.  In  such  cases,  sharing  is  accomplished  by 
applying  technical  conditions,  which  do  not  com¬ 
promise  the  performance  requirements  of  the  ser¬ 
vices  involved. 

Then  the  Recommendation  shortly  de¬ 
scribed  technical  methods  to  facilitate  sharing  by 
implementation  of  these  four  dimensions  as  well 
as  some  sharing  approaches  applicable  for  par¬ 
ticular  services  and  radio  systems  including 
spread  spectrum,  packet  radio,  frequency  agility 
etc. 

In  1997  all  matters  concerning  this  Rec¬ 
ommendation  were  transferred  to  WP  IB.  At  its 
last  meeting  in  Assen,  the  Netherlands,  August 
1999,  WP  IB  has  considerably  amended  this 
Recommendation  by  preparation  of  a  new  draft, 
whose  title  now  reads:  "Genera!  principles  and 
methods  for  sharing  between  radio  services  or 
radio  stations".  The  draft  was  adopted  by  SG  1  at 
its  meeting  which  was  held  in  Assen  just  after  WP 
IB  meeting,  and  the  draft  is  recently  in  the  proc¬ 
ess  of  approval  by  ITU-R  members  by  correspon¬ 
dence. 

As  it  is  seen  from  the  new  title,  the  scope  of 
the  Recommendation  was  extended  to  cover  radio 
station  sharing  issues,  i.e.  matters  of  frequency 
planning  through  relevant  frequency  assignment. 
In  this  connection,  the  Recommendation  states 
that  in  the  case  when  services  or  stations  have  all 
four  dimensions  in  common,  service  sharing  rules 
can  not  ensure  non-interference  conditions  and 
individual  assignments  must  be  made  on  the  ba¬ 
sis  of  the  totality  of  assignments  already  made  in 
all  of  the  overlapping  services,  so  that  combina¬ 
tions  of  factors  can  be  found  for  individual  as¬ 
signments  that  will  not  interfere  with  each  other. 
Descriptions  of  technical  methods  to  facilitate 
sharing  through  implementation  of  these  four  di¬ 
mensions  (the  forth  one  was  extended  from  “or¬ 
thogonal  signal  separation”  to  more  general  “sig¬ 
nal  separation”)  as  well  as  descriptions  of  sharing 
approaches  applicable  for  particular  services  and 
radio  systems,  were  considerably  detailed. 

Commenting  this  Recommendation,  it 
seems  useful  to  mention  one  issue,  which  is  not 
covered  here  yet.  As  it  was  shown  in  [3],  increas¬ 
ing  of  spectrum  use  efficiency  through  implemen¬ 
tation  of  spectrum  sharing  by  two  or  several  ser¬ 
vices  is  possible  only  under  conditions,  that  each 
service,  due  to  one  or  other  reason,  does  not  fully 
use  the  overall  spectral  resource,  determined  by 
above  mentioned  four  dimensions,  and  there  are 
free  portions  of  the  resource,  related  to  one  or 
several  dimensions,  that  can  be  used  by  other 
service(s).  If  the  whole  network  of  stations  be¬ 
longing  to  one  service  uses  the  overall  spectral 
resource  in  the  most  efficient  way,  i.e.  completely 


(as  it  is  related  to  ail  four  dimensions)  there  is  no 
room  at  all  for  emissions  of  stations  belonging  to 
other  service(s).  It  means  that  the  sharing,  as  it  is, 
can  not  create  additional  overall  spectral  resource, 
it  leads  only  to  distribution  of  existing  one  between 
radio  services  and  their  applications.  This  basic 
issue  is  a  very  important  one  for  clear  understand¬ 
ing  of  sharing  significance  and  limitations. 

Therefore,  when  considering  more  efficient 
spectrum  utilization  based  on  spectrum  sharing 
concept,  it  is  necessary  to  search  for  such  combi¬ 
nations  of  services,  which,  due  to  one  or  other 
reasons,  can  not  use  the  overall  spectral  resource 
effectively  or  fully  enough  leaving  some  non-used 
capacity  that  may  be  assigned  to  stations  of  other 
service(s)  under  specific  conditions.  These  condi¬ 
tions,  i.e.  clearly  defined  complex  of  organisational 
and  technical  arrangements,  should  be  worked  out 
for  each  particular  case  [3]. 

In  another  words,  possibilities  of  implemen¬ 
tation  of  sharing  concept  significantly  decrease 
with  the  increasing  of  spectrum  use  efficiency  of 
each  radio  service.  It  is  clearly  demonstrated  by 
several  last  ITU-R  World  Radiocommunication 
Conferences  (WRC-s)  that  were  unable  to  define 
sharing  feasibility  of  some  new  radio  services  and 
their  applications,  which  suppose  to  use  spectrum 
more  or  less  effectively  (satellite  digital  broadcast¬ 
ing,  satellite  and  terrestrial  mobile  services  and 
their  applications  etc.). 

It  should  be  also  taken  into  account  that  im¬ 
plementation  of  spectrum  sharing  concept  leads  to 
significant  increase  of  difficulties  related  to  practi¬ 
cal  frequency  assignment  process.  Sharing  im¬ 
plementation  adds  much  more  organisational  (ad¬ 
ministrative)  difficulties  to  usual  technical  ones 
related  to  frequency  assignments  within  only  one 
radio  service.  It  is  due  to  the  fact  that  various  ra¬ 
dio  services  may  belong  to  different  governmental 
or  commercial  bodies  and  co-ordination  process, 
concerning  frequency  assignments  between  these 
bodies,  becomes  much  more  difficult  and  lengthy 
in  comparison  with  the  case  of  one  service  belong¬ 
ing  to  only  one  body. 

It  seems  would  be  useful  to  make  further 
amendments  in  Recommendation  ITU-R  SM.1132 
in  line  with  above  suggestions.  It  would  lead  to 
more  clear  understanding  of  sharing  principal  sig¬ 
nificance  and  practical  substantial  limitations. 

It  cannot  be  excluded,  that,  realizing  difficul¬ 
ties  in  attempts  to  practically  increase  spectrum 
use  efficiency  through  wide  application  of  sharing 
concept  (but  such  expectations  took  place  rather 
widely  in  80-th  -  beginning  of  the  90-th  years),  at¬ 
tention  of  the  international  telecommunication 
community  is  recently  shifting  to  other  promising 
possibility  -  implementation  of  spectrum  rede¬ 
ployment  (refarming)  measures.  This  approach 
leads  to  employment  of  various  administrative  and 
technical  measures  resulting  in  reallocation  of 
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some  frequency  bands  and  in  their  further  step- 
by-step  reassignment  for  the  benefit  of  new,  more 
effective,  radio  services  (and  their  applications) 
and  relevant  stations,  under  terms  of  maintaining 
sharing  conditions  of  new  service(s)  stations  with 
stations  of  replaced  service(s)  during  the  whole 
transitional  period. 

Following  these  feelings.  WP  1B  in  1998 
developed  the  draft  new  Question,  which  was  later 
approved  by  ITU-R  members  as  Question  216/1 
“Spectrum  redeployment  as  a  method  of  national 
spectrum  management”.  Answering  this  Ques¬ 
tion,  WP  IB  has  initiated  studies  of  spectrum  re¬ 
deployment  (refarming)  issues.  At  its  last  meeting 
in  Assen  WP  IB  has  developed  working  materials 
on  the  subject  [4]. 

The  Document  [4]  contains  the  following 
definition:  “Spectrum  redeployment  (spectrum 
refarming)  is  a  combination  of  administrative,  fi¬ 
nancial  and  technical  measures  aimed  at  remov¬ 
ing  the  existing  frequency  assignments  either 
completely  or  partially  from  a  particular  frequency 
band.  The  frequency  band  may  then  be  allocated 
to  the  same  or  different  service(s).  These  meas¬ 
ures  may  be  implemented  in  short,  medium  or 
long  timescales.”  It  seems  to  be  useful  to  amend 
this  definition  in  future  by  saying  that  sharing  con¬ 
ditions  between  stations  of  replaced  and  replacing 
services  should  be  maintained  during  the  whole 
process  of  the  redeployment.  Certainly,  this  pro¬ 
vision  is  a  rather  obvious  one,  however  it  seems 
would  not  harm  to  stress  that  in  the  definition, 
much  over  that  sharing  conditions  are  mentioned 
in  section  2.2.  of  [4]  .  Generally  speaking,  spec¬ 
trum  sharing  can  be  considered  as  the  first  stage 
of  the  spectrum  redeployment  when  only  a  part  of 
the  overall  spectral  resource  is  provided  to  other 
service(s). 

The  document  [4]  shortly  considers  a  num¬ 
ber  of  scenarios  for  redeployment  of  the  spectrum 
that  is  currently  used  in  Europe: 

-  migration  at  the  expiry  of  the  current  license, 

-  migration  at  the  end  of  the  equipment’s  life¬ 
time, 

-  forced  migration  to  frequency  bands  within  the 
tuning  range  of  the  equipment  used, 

-  forced  migration  into  other  frequency  bands, 

-  forced  migration  to  achieve  greater  spectral 
efficiency. 

As  it  is  stated  in  [4],  one  of  the  major  issues 
with  spectrum  redeployment  is  the  use  of  a  rede¬ 
ployment  fund  to  aid  its  implementation.  Although, 
whether  a  redeployment  fund  is  actually  essential 
to  the  operation  of  a  spectrum  redeployment  pol¬ 
icy  is  not  obvious,  especially  as  it  would  be  gen¬ 
erally  undesirable  for  existing  users  to  assume 
there  was  an  automatic  right  to  compensation, 
e.g.,  it  could  distort  market  values,  promote  spec¬ 
trum  hoarding.  Further  issues  include  spectrum 
redeployment’s  interaction  with  spectrum  pricing. 


spectrum  management  policies  and  tools.  All 
these  issues  are  shortly  discussed  in  [4]. 

It  can  be  noted  that  the  first  victim  in  the  re¬ 
deployment  process  is  the  fixed  radio  service  be¬ 
cause  particularly  this  service,  as  the  practice 
showed,  has  provided  frequency  bands  for  rede¬ 
ployment  activities  at  the  last  ITU-R  WRC-s.  This 
process  is  a  rather  natural  one  because,  as  it  was 
already  shown  many  years  ago  (see  for  example 
[5]),  particularly  the  fixed  radio  service  is  using  the 
radio  spectrum  in  the  most  non-rational  way,  as  far 
as  its  objectives  can  be  principally  accomplished 
by  other  alternative  telecommunication  means,  for 
example,  by  cable  and/or  fiber-optical  links.  On 
the  contrary,  objectives  of  some  other  radio  ser¬ 
vices,  such  as  mobile,  radio  navigation,  radio  as¬ 
tronomy,  space  operation  and  research,  etc.,  prin¬ 
cipally  cannot  be  accomplished  by  any  other 
means  except  the  radio  ones.  It  seems  that  all 
redeployment  processes  should  be  strategically 
oriented  on  providing  such  benefits  for  the  radio¬ 
communication  services  whose  objectives  princi¬ 
pally  cannot  be  accomplished  by  any  other  means 
except  the  radio  ones. 

Therefore,  it  seems  be  useful  to  clearly 
identify  these  objectives  of  spectrum  redeploy¬ 
ment  in  future  iTU-R  Recommendation(s)  on  the 
subject.  In  [4]  this  issue  is  mentioned  in  applica¬ 
tion  to  1-3  GHz  frequency  band,  which  is  very 
suitable  for  mobile  services,  but  it  is  not  stressed 
yet  as  a  strategic  orientation. 

Without  any  doubts,  document  [4]  creates  a 
good  basis  for  a  draft  new  Recommendation  on 
the  subject  which  is  planned  to  be  developed  at 
the  next  WP  IB  meeting  to  be  held  in  the  end  of 
2000. 


3.  SPECTRUM  FEES 

More  and  more  attention  of  telecommuni¬ 
cation  administrations  of  many  countries,  de¬ 
veloped  and  developing  ones,  is  recently  paid  to 
economic  aspects  of  radio  spectrum  manage¬ 
ment.  It  is  felt  that,  under  circumstances  of 
continuously  increasing  frequency  band  conges¬ 
tion,  administrative  and  technical  measures 
aimed  to  increase  spectrum  utilisation  efficiency 
in  the  most  developed  countries  have  already 
basically  exhausted,  and  at  the  recent  evolution 
stage  modern  radio  spectrum  management  is 
mainly  associated  with  economic  measures, 
rather  than  with  administrative  and  technical 
ones  [6].  Developing  countries  where  signifi¬ 
cant  frequency  band  congestion  has  not  evinced 
yet,  recently  have  also  begun  to  display  in¬ 
creased  interest  to  economic  aspects  of  spec¬ 
trum  management  in  expectations  to  find  avail¬ 
able  sources  for  financing  their  programs  of 
modern  spectrum  management  development. 
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Following  requirements  of  many  countries 
to  provide  an  international  guidance  on  that 
important  problem,  ITU-R  at  its 
Radiocommunication  Assembly  in  1995  through 
SG  1  has  launched  a  study  program  in  this  new 
field  of  activity.  The  program  consists  of  three 
interrelated  Questions: 

-  Question  206/1  Strategies  for  economic  ap¬ 

proaches  to  national  spectrum  management 
and  their  financing, 

-  Question  207/1  Assessment,  for  spectrum 
planning  and  strategic  development  pur¬ 
poses,  of  the  benefits  arising  from  the  use  of 
radio  spectrum, 

-  Question  208/1  Alternative  methods  of  na¬ 
tional  spectrum  management. 

SG  1  has  charged  these  studies  to  WP 
1 B.  In  result  of  extensive  work  in  that  new  area, 
WP  IB  has  managed  to  develop  the  first  ITU-R 
material  on  the  matter  and  to  present  it  to  the  next 
ITU-R  Radiocommunication  Assembly  held  in 
1 997.  It  was  a  rather  voluminous  (more  than  70 
pages)  Report  ITU-R  SM.2012  "Economic  aspects 
of  spectrum  management".  The  Report  concerned 
the  following  major  issues: 

-  application  of  economic  factors  to  spectrum 
management  activities  (Chapter  1), 

-  strategies  for  economic  approaches  to  national 
spectrum  management  and  their  financing 
(Chapter  2), 

-  assessment  of  the  benefits  of  using  the  radio 
spectrum  (Chapter  3), 

-  alternative  support  for  national  spectrum  man¬ 
agement  (Chapter  4). 

The  Report  described  various  economic 
aspects  with  their  application  to  spectrum  man¬ 
agement  and  it's  financing:  traditional  national 
budget  financing,  spectrum  use  fees,  spectrum 
usage  comparative  hearings,  lotteries  and  auc¬ 
tions.  Advantages  and  disadvantages  of  these 
approaches  are  discussed  in  detail  and  some 
general  suggestions  on  their  practical  imple¬ 
mentation  in  different  situations  are  presented. 
Issues  of  transferable  and  flexible  spectrum 
rights  implementations  are  also  covered.  Ex¬ 
periences  of  some  telecommunication  admini¬ 
strations  in  the  field  of  practical  implementation 
of  these  economic  aspects  of  spectrum  man¬ 
agement  are  also  given.  Detailed  review  of  the 
Report  is  presented  in  [7]. 

Since  1997  WP  IB  has  continued  its  stud¬ 
ies  in  this  promising  area  and  at  its  last  meeting  in 
Assen  the  group  has  developed  considerably 
amended  and  extended  version  of  the  Report. 
SG  1  later  approved  the  draft  developed  by  WP 
IB  at  its  Assen  meeting  in  1999,  conducted  just 
after  WP  IB  meeting,  and  the  new  version  of  the 
Report  (it  will  be  Report  ITU-R  SM.2012-1)  is 


planned  to  be  presented  at  the  next  ITU-R  Radio¬ 
communication  Assembly  to  be  held  in  May 
2000. 

The  volume  of  the  Report  was  almost  dou¬ 
bled.  The  major  amendments  concern  the  follow¬ 
ing  issues. 

May  be  due  to  the  fact  that  previous  expec¬ 
tations  on  great  advantages  of  wide  implementa¬ 
tion  of  spectrum  auctioning  mechanisms  (and  it 
seems  that  auctioning  issues  were,  generally 
speaking,  the  main  orientation  of  the  previous  ver¬ 
sion  of  the  Report)  become  somewhat  restrained, 
as  it  can  be  concluded,  for  example,  from  [8],  the 
major  amendments  to  the  previous  version  of  the 
Report  concern  wide  practical  implementation  of 
the  very  well  known  and  convenient  frequency  li¬ 
cense  fees  concept.  These  issues  are  major 
amendments  of  Chapter  2.  This  Chapter  is  also 
supplemented  by  a  new  section  2.5  “Managing  a 
change  in  spectrum  management  funding”  which 
concerns  major  objectives  of  a  spectrum  man¬ 
agement  authority,  in  legal  and  organizational  as¬ 
pects,  under  implementation  of  new  approaches  in 
funding  national  spectrum  management  activities 
through  spectrum  pricing  mechanisms. 

Section  4.5  “Implementation  measures"  of 
Chapter  4  was  renamed  as  “Legal  and  administra¬ 
tive  implementation  measures”  and  supplemented 
by  rather  detailed  subsections  “Contracting 
/Privatization  Options”,  "Contractable/Privatizatble 
Functions”  and  by  the  table  summarizing  functions 
and  activities  of  spectrum  management  staff  that 
can  be  contracted  and/or  privatized  with  indication 
relevant  reasons. 

As  far  as  it  concerns  Chapters  1  and  3,  the 
first  one  contains  only  minor  modifications  while 
the  second  one  was  left  without  any  of  them. 

Separate  Chapter  5  was  added  which  con¬ 
cerns  detailed  description  of  experiences  of  differ¬ 
ent  Administrations  in  practical  implementation  of 
various  economic  measures  in  relation  to  the 
spectrum  management  process.  This  Chapter 
now  combines  all  experience  issues,  which  were 
previously  presented  in  Chapters  2  and  3  of  [2]. 
The  majority  of  countries  which  experience(s)  in 
implementation  of  spectrum  pricing  and/or  alterna¬ 
tive  organizational  issues  (Australia,  Canada, 
Germany,  Israel,  New  Zealand,  Russian  Federa¬ 
tion,  United  Kingdom  and  United  States)  have  pre¬ 
sented  contributions  on  basis  of  which  relevant 
sections  of  the  new  version  of  the  Report  were 
considerably  extended.  With  a  great  satisfaction  it 
can  be  noted,  that  experiences  of  two  more  coun¬ 
tries  are  reflected  in  the  new  version.  China  pre¬ 
sents  its  experience  in  the  implementation  of  a 
license  fees  regime  when  fee  levels  depend  on 
bandwidth  used,  coverage  area  and  frequency. 
Kyrgyz  Republic,  on  basis  of  a  method  described 
in  [9)  and  [10],  presents  detailed  description  of  it’s 
automated  spectrum  fees  accounting  system 
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aimed  to  cover  the  cost  of  the  national  spectrum 
management. 

Unfortunately,  great  and  very  useful  experi¬ 
ences  of  many  other  countries,  developed  and 
developing  ones,  in  practical  implementation  of 
spectrum  management  economic  mechanisms, 
which  are  known  through  other  information 
sources,  particularly  through  the  INTERNET,  are 
not  reflected  yet  in  this  new  version  the  Report.  It 
seems  to  be  very  beneficial  for  many  ITU-R 
members  to  eliminate  these  shortages  in  the  fol¬ 
lowing  next  version  of  the  Report,  which  is  re¬ 
cently  under  development  by  WP  1B.  All  ITU-R 
members  are  kindly  invited  to  contribute  to  the 
process  through  ordinary  ITU-R  working  mecha¬ 
nism. 


4.  CONCLUSIONS 

ITU-R  through  its  GS  1 ,  and  particularly 
WP  1B,  is  carrying  out  significant  studies  in  fields 
of  spectrum  sharing  and  spectrum  fees  issues. 
There  is  a  room  for  further  improvements  of  rele¬ 
vant  ITU-R  Recommendations  and  Reports.  A 
new  promising  field  of  the  WP  1B  activity  Is  the 
development  of  Recommendation(s)  on  spectrum 
redeployment  (refarming)  matters.  This  subject 
means  implementation  of  various  administrative 
and  technical  measures  resulting  in  reallocation  of 
some  frequency  bands  for  the  benefit  of  a  new, 
more  effective,  radio  service  and/or  their  applica¬ 
tions,  and  in  their  further  step-by-step  re¬ 
assignment  to  stations  of  the  new  services  (and/or 
their  applications),  under  terms  of  maintaining 
sharing  conditions  of  new  service(s)  stations  with 
stations  of  replaced  service(s)  during  the  whole 
transitional  period.  First  results  of  spectrum  re¬ 
deployment  studies  in  form  of  ITU-R  Recommen- 
dation(s)  are  planned  to  be  available  in  the  end  of 
2000. 
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1.  INTRODUCTION 

The  aim  of  this  document  is  to  give  infor¬ 
mation  of  the  role  of  the  monitoring  function 
in  relation  with  the  Spectrum  Management 
Process  and  the  activities  performed  within  the 
ITU-R  Study  Group  1  Working  Party  IC  on 
Spectrum  Monitoring  matters. 

The  role  of  monitoring  in  the  spectrum  man¬ 
agement  process  is  significant  changing  as  it 
was  in  the  past.  Reason  for  this  change  is  the 
growing  responsibility  of  the  Regulatory 
Authority  as  a  result  of  the  enormous  amount 
of  money  involved  in  the  radiocommunica¬ 
tions. 

Also  the  topics  to  be  handled  in  the  ITU-R 
Study  Group  1  Working  Party  1C  on  monitor¬ 
ing  matters  are  influenced  by  this  changing 
role. 

2.  SPECTRUM  MANAGEMENT 

Spectrum  Management  is  the  combination  of 
■administrative,  scientific  and  technical  proce¬ 
dures  necessary  to  ensure  the  efficient  opera¬ 
tion  of  radiocommunications  equipment  and 
services  without  causing  harmful  interference. 
Within  this  definition  activities  take  place  as 
frequency  planning  (frequency  management), 
enforcement  and  monitoring. 


The  monitoring  function  can  be  described  as 
giving  assistance  to  both  frequency  manage¬ 
ment  and  enforcement  departments. 

3.  ROLE  OF  MONITORING  IN  THE  PAST 

In  the  Spectrummanagement  Handbook  pub¬ 
lished  by  ITU  you  can  read  that  monitoring  is 
a  tool  to: 

1 .  Ensure  compliance  with  national  spectrum 
management  rules  and  regulations  through 
the  verification  of  proper  technical  and 
operational  characteristics  of  transmitted 
signals,  and  the  detection  and  identification 
of  unauthorized  transmitters; 

2.  Locate  and  resolve  interference  problems; 

3.  Determine  channel  and  band  usage,  includ¬ 
ing  assessment  of  channel  availability  and 
verification  of  the  efficacy  of  the  frequency 
assignment  process  and  spectrum  analyt¬ 
ical  methods. 

In  the  Spectrum  Monitoring  Handbook  also 
published  by  ITU  is  stated  that  monitoring 
serves  as  the  eyes  and  ears  of  the  spectrum 
management  process. 

The  actual  situation  was,  that  in  many  coun¬ 
tries  hardly  any  work  was  done  for  the  fre¬ 
quency  management  department  and  almost 
all-monitoring  activities  were  related  to 
enforcement  purposes.  Handling  interference 
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cases  was  one  of  the  main  activities  carried 
out  in  the  daily  monitoring  work. 

If  activities  were  carried  out  on  request  of  the 
frequency  management  department  it  was 
mostly  done  on  an  ad-hoc  basis 

4.  ROLE  OF  MONITORING 
IN  THE  FUTURE 

(Radio-)telecommunication  is  one  of  the  most 
growing  economic  sectors  in  the  world. 

Now  that  telecommunications  are  evolving 
evermore  rapidly  and  that  the  impact  of  tele¬ 
communications  on  national  economy  is  grow¬ 
ing,  it  is  obvious  that  the  Regulatory  Authority 
has  a  major  role  to  play.  Operators  are  paying 
plenty  of  money  for  parts  of  the  spectrum  so 
that  they  can  provide  services  to  the  public. 
Auctions,  beauty  contests  or  other  instruments 
are  often  used  for  this  purpose.  These  financial 
sources  in  most  cases  will  go  to  the  state 
budget  and  can  be  seen  as  an  extra  income  for 
the  government.  Because  spectrum  use  is 
highly  priced,  it  is  obvious  that  Telecoms 
operators  demand  a  ‘clean’  and  usable  spec¬ 
trum.  This  means  that  also  the  Regulatory 
Authority  as  being  responsible  for  the  control 
of  the  radiospectrum  must  be  ready  to  carry 
out  this  task.  Nowadays,  Regulatory  Authori¬ 
ties  or  Radio  Communications  Agencies  are 
made  liable  in  taking  care  of  the  spectrum. 

High-quality  Spectrum  Management  being  a 
prerequisite,  a  mere  theoretical  frequency 
planning  is  not  enough.  More  information 
about  the  current  use  of  radio  spectrum  is 
needed  to  achieve  successful  Spectrum  Man¬ 
agement.  This  information  can  be  obtained 
only  through  the  Monitoring  function. 

5.  RELATION  BETWEEN  FREQUENCY 
MANAGEMENT  AND  MONITORING 
DEPARTMENTS 

As  stated  the  theoretical  frequency  planning  is 
not  enough.  A  structured  relation  between  the 
frequency  management  and  monitoring  depart¬ 
ments  is  needed  to  realise  a  high  quality  spec¬ 


trum  management  of  the  Regulatory  Author- 

ity- 

In  the  changing  responsibility  of  the  Regula¬ 
tory  Authority  in  controlling  the  radiospec¬ 
trum  both  Frequency  Management  and  Moni¬ 
toring  Departments  are  ‘growing’  in  a  struc¬ 
tured  relation  to  each  other. 

Where  in  the  past  activities  carried  out  by  the 
Monitoring  Service  were  70-30%  in  favour  for 
enforcement  activities,  nowadays  it  is  the  op¬ 
posite. 

The  relation  between  the  Monitoring  and  Fre¬ 
quency  Management  Departments  can  be  sim¬ 
ply  illustrated  by  Figure  1 . 


MONITORING 

Enforcement 


Figure  1.  Spectrum  Management  Cycle 

The  explanation  to  this  Figure  1.: 

•  The  spectrum  is  used  for  all  kinds  of  radio 
transmissions.  Frequency  Management  is 
of  overriding  importance  for  the  efficient 
and  effective  use  of  the  radio  spectrum. 
(Inter)National  authorities  are  setting  the 
rules  for  the  use  of  the  radio  spectrum  via 
assignments,  licence  parameters,  etc. 

•  The  Monitoring  Service  observes  the 
radiospectrum  and  the  monitoring  opera¬ 
tors  have  the  duty  to  compare  whether  the 
use  of  the  radiospectrum  matches  the 
policy  of  Frequency  Management.  Via  this 
loop  Monitoring  gives  feedback  to  Fre¬ 
quency  Management. 

•  In  observing  the  radio  spectrum.  Monitor¬ 
ing  can  also  provide  information  to  Fre¬ 
quency  Management  on  (hitherto) 
unknown  or  new  use  of  the  radiospec- 


FREQUENCY 

MANAGEMENT 
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trum.  When  Spectrum  Management  sets 
up  an  experiment  for  new  services  before 
a  policy  on  that  new  service  has  been 
developed,  Monitoring  can  observe  the 
experiment  and  advise  on  it.  That  is  why  a 
feed-forward  loop  is  appropriate. 

•  Monitoring  can  also  address  radio  spec¬ 
trum  users  directly  in  case  of  interference. 
The  monitoring  operators  can  give  guide¬ 
lines  to  the  users  to  avoid  interference, 
etc.  This  is  called  Enforcement.  In  this 
case,  no  direct  line  to  Spectrum  Manage¬ 
ment  is  needed. 

To  meet  the  requirements  of  high  quality  spec¬ 
trum  management  in  total,  it  is  absolutely  nec¬ 
essary  that  the  Figure  1  scheme  will  be  appli¬ 
cable. 

6.  ACTIVITIES  IN  WORKING  PARTY  1C 
ON  MONITORING  MATTERS 

The  scope  of  ITU-R  Study  Group  1  is  Spec¬ 
trum  Management  (Spectrum  planning,  utilisa¬ 
tion,  engineering,  sharing  &  monitoring). 

As  all  Study  Groups  within  ITU-R  Study 
Group  1  is; 

a)  Drafting  Technical  Bases  for  Radiocom¬ 
munication  Conferences; 

b)  Developing  Draft  ITU-R  Recommenda¬ 
tions  on  technical  characteristics  of,  and 
operational  procedures  for  radiocommuni¬ 
cations  services  and  systems; 

c)  Compiling  Handbooks  on  spectrum  man¬ 
agement  and  emerging  radiocommunica¬ 
tions  services  and  systems. 

Within  ITU-R  Study  Group  1  Working  Party 
1C  deals  with  Monitoring  matters. 

To  realise  the  tasks  for  both  frequency  man¬ 
agement  and  enforcement  sections  and  facing 
the  fact  of  the  rapidly  development  of  tele¬ 
communications  it  is  necessary  to  develop 
monitoring  measuring  protocols  and  proce¬ 
dures  to  meet  these  tasks. 

Facing  the  same  difficulties  combined  with  the 
available  technical  knowledge  spread  all  over 
the  world  is  the  base  for  the  work  in  Working 
Party  1C. 


Inventing  the  wheel  by  your  selves  is  an  out¬ 
dated  statement.  Co-operation  is  the  key  word 
these  days.  Sharing  knowledge  and  problems 
is  the  success  of  the  work.  So  within  WPIC 
representatives  of  administrations  and  manu¬ 
facturers  of  monitoring  equipment  are  work¬ 
ing  together  for  the  benefit  of  both  interest. 

The  advantage  for  administrations  is  support 
of  international  accepted  Recommendations  in 
their  daily  monitoring  work. 

The  advantage  for  manufacturers  of  monitor¬ 
ing  equipment  is  in  making  their  equipment 
TTU  compliant’. 

Another  example  of  such  an  international  co¬ 
operation  is  CEPT  Project  Team  22  on  Spec¬ 
trum  Monitoring,  where  monitoring  experts  of 
21  European  countries  twice  a  year  meet  for 
the  benefit  of  support  of  CEPT  Working 
Group  Frequency  Management,  solving 
mutual  European  enforcement  problems, 
monitoring  campaigns  for  CEPT  and  ITU,  and 
development  of  European  Recommendations 
in  the  field  of  Monitoring. 

Within  WPIC  measuring  protocols,  working 
procedures  between  monitoring  services  etc. 
are  laid  down  in  Recommendations. 

Due  to  the  growing  complexity  of  transmis¬ 
sions  also  the  monitoring  functions  becomes 
more  difficult  to  perform. 

Because  the  sometimes  very  high  licence-fees 
the  Regulatory  Authority  wants  to  be  infor¬ 
med  whether  license-holders  are  working  in 
conformity  of  the  licence-conditions.  In  the 
past  such  verification  could  often  be  done  by 
listening  and  simple  measurements.  Nowadays 
within  one  transmission  sometimes  more  than 
one  service  is  the  emitted.  For  this  reason  it  is 
necessary  to  ‘look’  into  the  spectrum  of  such  a 
transmission.  In  this  respect  transmission  as 
DAB,  DVB,  cellular  networks,  satellitesys- 
tems  can  be  identified. 

The  monitoring  technique  to  realise  such  a 
task  is  Signal-analysis. 

For  the  future  development  of  the  monitoring 
function,  signal  analysis  will  be  one  of  the 
most  important  monitoring  tools. 
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Due  to  the  increasing  use  of  (mobile)  satellite 
systems,  sharing  of  satellite  services  with  ter¬ 
restrial  services  also  the  monitoring  function 
becomes  more  and  more  important. 

The  output  of  the  Working  Party  1C  is  of 
great  importance  for  the  developed  and  devel¬ 
oping  countries  for  the  improvement  of  the 
national  monitoring  services, 

7.  SPECTRUM  MONITORING 
HANDBOOK 

At  this  moment  one  of  the  most  important 
issues  on  the  agenda  of  WPIC  is  the  revision 
of  the  Spectrum  Monitoring  Handbook. 

Due  to  the  rapid  development  of  telecommuni¬ 
cations  such  as  the  introduction  of  digital 
techniques  and  the  growing  use  of  software  in 
monitoring  techniques  it  was  necessary  to  take 
the  decision  to  revise  the  present  Handbook 
issued  in  1995. 

The  high  quality  of  this  present  Handbook 
could  be  reached  by  a  great  participation  of 
sharing  ‘monitoring-knowledge’  from  all  over 
the  world.  The  success  of  the  work  done  can 
be  expressed  by  the  fact  that  this  present 
Handbook  is  the  best  seller  of  ITU-publi- 
cations. 


Nevertheless  it  was  needed  to  revise  the 
Handbook. 

At  his  moment  the  work  to  come  to  a  revised 
Handbook  has  already  begun. 

In  April  the  first  meeting  took  place  in  Paris, 
France.  The  second  meeting  will  be  held  in 
January  2001  in  Munich,  Germany. 

A  third  meeting  is  foreseen  in  June  2001. 

Again  participation  from  all  over  the  world 
can  be  noted. 

Therefore  it  is  expected  that  also  this  revised 
Handbook  will  be  on  the  top  of  the  best  sellers 
list  of  ITU  publications. 
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An  analysis  of  3rd  order  intermodulation 
interference  (IMI)  which  are  generated  by  2  unwanted 
signals  of  mobile  stations  in  victim  base  station  receiver 
is  performed.  As  a  result  we  have  obtained  an 
equations  of  the  interference  zone  radii  and  interference 
probability. 

The  calculations  of  IMI  probability  for  NMT-450 
cellular  system  as  an  example  are  given. 

INTRODUCTION 

It  is  known  that  two  strong  unwanted  signals 
affecting  a  receiver  can  generate  interraodulation 
interference.  For  planning  network  it  is  necessary  to 
estimate  signal  reception  quality.  Interference 
probability  in  system  is  one  of  such  important 
parameters. 

Well  known  papers  consider  usually  two-signal  IMI 
[1-5,8].  This  paper  presents  the  method  and  results  of 
IMI  probability  calculations  which  are  caused  by  2 
unwanted  signals.  IMI  probability  is  a  function  of 
transceiver,  network,  signals  fading  parameters  and 
probability  of  unwanted  mobile  station  position. 

1.  INTERFERENCES  ZONE 

1.1  Common  equation 

Let  the  service  zone  is  a  circle  with  radius  Ro  and 
base  station  (BS)  is  disposed  in  its  center.  A  scheme  of 
IMI  generating  is  shown  in  Fig,  1 ! 

The  frequency  and  energy  requirements  [3,4,8]  for 
2-signal  IMI  of  the  3rd  order  are  : 

2F,-F2<Fr±Br/2,  (1) 

2P,+P,>3W^,  (2) 

where  F,,  F2  =  unwanted  signal  frequences  ;  Fr  =  victim 
receiver  frequency;  Br  =  receiver  bandwidth; 
P,,P2  =  unwanted  signals  powers  at  receiver  input,  dBW; 


=  receiver  susceptibility  for  2-signal  interference  of 
the  3rd  order ,  dBW. 

The  value  W  is  determined  by  2  equal  levels  Pi=P2 

of  unwanted  signals  which  cause  SINAD  ratio 
decreasing  by  6  dB  at  receiver  output  [6,12]. 


Fig.l  :  A  scheme  of  intermodulation  interference 
generating. 

Theoretical  studies  have  shown  -  and  this  has  been 
verified  by  experimental  work  -  that  magnitude  W2  is 
function  of  frequency  diversity  of  unwanted  and  wanted 
signals  dFj  ^2) ,  level  of  wanted  signal  at  the  input  of 
receiver  Ps  and  receiver  susceptibility  parameters  [4], 
Results  of  Wj  measuring  of  BS  receiver  of  NMT-450 
cellular  system  are  shown  in  Fig.2  and  3.  Fig. 2  presents 
the  dependence  W2  from  Ps  where  dFi  =  175  kHz, 
dF2  =  350  kHz.  Fig. 3  presents  the  dependence  W2  from 
dFi  where  Ps  =-100  dBm. 

At  special  case  for  cellular  system  when  mobile 
station  unwanted  signals  are  in  preselector  band,  i.e. 
dFjpj  <  Brf , where  dF,  ^2)  =  [Fn2)  -  Fr];  Brf  =  preselector 
bandwidth,  we  can  write  : 


680 


Wj  =  Si  +  Pso  +  diCPs  -  Pso),  (3) 

where  Pso  =  receiver  sensitivity,  dBW;  Sj  =  receiver 
intermodulation  (RIM)  selectivity  (RIM  response 
rejection  ratio)  for  2-signal  interference,  dB; 
di  =  parameter  of  RIM  susceptibility  model  (dj  show 
how  Wi  vary  in  case  of  Ps  varying  ).  Amplitude 
requirement  (3)  in  terms  of  field  strengths  is: 

2E,  +  Ei  >  3  [Si  +  Eso  +  d2(Es  -  Eso)  ]  (4) 

where  E,,  Ej,  Es  ==  unwanted  and  wanted  signal 
field  strengths  at  receiver  antenna  location,  dBpV/m; 
Eso  =  wanted  field  strength  which  corresponds  to  Pso. 


-110  -90  -70  -50  -30 


Fig.2  Dependence  of  receiver  susceptibility  Wj  on  level 
of  wanted  signal  at  the  input  of  receiver  Ps  . 


Frequency  diversity,  dFi ,  kHz 


Fig.3  Dependence  of  receiver  susceptibility  W2  on 
frequency  diversity  of  unwanted  and  wanted  signals 
dF,. 

Then  (4)  can  be  represented  as 

2E,  +  Ei  -  3d2  Es  >  3[S2  +  Eso  (1  -  dj)],  (5) 

To  determine  service  and  interference  zones  the 
wanted  and  unwanted  signal  path  loss  model  is  formed 
taking  into  account  the  fading  with  normal  distribution 
law  at  measurement  units  in  dB  [3,10]. 

Left  parts  (5)  are  the  sum  of  three  independent 
random  values  with  overall  standard  deviations  : 

cr2i  =yj^cri  +  al  +  ^dlcrl’  (^) 


2E„,+ E„2  -  3d2E„5,  (7) 

where  a,,  Oj, ,  a„  E„„  E^i  E^  =  standard  deviations 
and  median  values  of  wanted  and  unwanted  signals 
respectively. 

Median  values  E„  i»  close  to  BS  receiver 

antenna  which  is  at  the  distance  R  to  signal  source  are  : 

Em  =  1 07,2  +  Pj;  -  L(R)  +  201gF,  (8) 

Pj;  =  Pt  +  Gt  -  Bt, 

where  Pt  =  transmitter  power,  dBW;  Gt  =  antenna 
gain,  dBi;  Bt  =  antenna  feeder  path  loss  ,  dB  ;  F  = 
transmitter  frequency,  MHz;  L(R)  =  unwanted  and 
wanted  signal  path  loss  at  distance  R ,  dB. 

Interfering  zone  of  mobile  stations  will  be  maximum 
in  case  of  minimum  wanted  signal  level.  This  takes 
place  at  the  distance  R  =  Ro  between  mobile  station  and 
BS  where  Ro  is  a  radius  of  service  zone. 

Probability  of  interference  appearing  ,  i.e.  eq.{5) 
requirement  complying  for  two  unwanted  signals  due 
to  fading : 

Pp,=  l-0(Z,)  (9) 

where  ^(Zj)  -  probability  integral; 

^^^382  +3Eso(l-d2)-‘En,2£ 
a2i 

Using  approximation  of  ^(Zj)  we  receive: 

<D(Z2)  =  0,5[1  ±  ^l-EXP(-0, 619536- Z^)] 

Substituting  it  into  eq.(9)  we  get : 

l-Ppr  =0,5tl±-y/l-EXP(-0,619536  Z2)] 

Solving  this  equation  for  Z,  we  receive: 

Z2=^-l,614Mn[4Pp,(l-Ppr)]  (11) 

Denoting 

Ai(Ppr)  =  V-1.614Mn[4Ppr(l-Ppr)]  (12) 

and  equating  right  parts  of  eq.  (10)  and  (1 1)  we  receive: 

3^2  +3Es^(l:i!,2.):,Em2£  ^  A,(P„)  (13) 

025: 

Substituting  En,2v  from  eq.(7),(8)  to  (13)  we  receive 
for  unwanted  signals  : 

2L,  +  Lj  <  Aj(Ppr)  *  025:  -  3[S2  +  Eso(l  -  d2)- 

-107,2  -  Pj:  -  201gF  +  diEms] ,  (14) 

where  L1L2  -  unwanted  signal  path  loss  at 

frequences  Fi,F2,  dB;  Ppr  =  probability  of  interference 
appearing  due  to  fading. 

Equations  (14)  allow  to  calculate  max  path  loss 
2Li  +  Lj  which  correspond  IMI  formed  by  2  unwanted 
signals  with  given  probability  Ppr. 


and  median  values: 
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L2  Path  loss 

The  median  values  of  path  loss  L  of  wanted  and 
unwanted  signals  are  function  of  distance  R.  The 
calculation  for  a  distance  of  0.05<R<1.6  km  in  large 
city  was  made  using  “Lee's  model”  [9].  In  this  case  path 
loss  L  can  be  approximated 

L=  114  +  41.5  log  R  (15) 

for  F=  450  MHz,  BS  antenna  height  H  =  40  m  and 
building  density  parameter  B  =  0.33  R . 

1.3  Interference  zone 

Fading  of  the  wanted  and  unwanted  signals  are 
approximated  by  normal  distribution  law  with  a  =  10 
dB  [10].  Assume  that  ai=a2=as=10  dB.  In  this  case 
^21  “  24,5  dB  (see  eq.6). 

For  calculation  of  interference  zone  let’s  use  next 
parameters  of  NMT-450  system:  F=  450  MHz; 
P,  -  0.15W;  G,  =  5  dB;  B,  =  1  dB;  dj  -  0.33; 
Eso  =  9.3  dB|iV/m  (where  Eso  corresponds  to 
sensitivity  Pso  =  -117  dBm  or  U=-4  dBpV  emf  ); 
Ppb=0. 1 ;  Here  Pt  is  minimum  transmitter  power  as  Pt  is 
controlled  by  BS. 

Calculating  interference  zone  as  a  function  of  IMI 
selectivity  S2  and  median  value  of  wanted  signal  field 
strength  Ems  for  a  pair  of  unwanted  signals  Fj  and  Fj 
with  substituting  the  NMT-450  parameters  in  (14)  we 
receive : 

2L, +L2<  480,8  -  3S2  -  E„,,  (16) 

Let  S2-70dB  [7,12]  and  Ems  =25  dB|iV/m. 

When  using  eq.(15),(16)  we  get : 

Ri^*R2<  C2,  C2==4.81*10*'  km^  (17) 


and  so  the  frequency  conditions  of  IMI  are  fulfilled. 
In  this  case  P{T}s  1  and  P{F}=  1.  Let's  determine 

P{I}. 

2.2  Probability  of  existing  single  interference 

Let  unwanted  MS  with  frequencies  Fj  and  Fj  are 
removed  from  BS  at  a  distances  R,  and  Rj  accordingly 
(see  Fig.l).  Locations  of  MS  are  random  variables,  so 
we  have  a  pair  of  random  variables.  Domains  of  R, 
and  Rj  are  : 

Rm  <  Rj  <  Ro  ;  Rm  <  Rj  <  Ro  , 

where  Rm=  minimum  distance  MS  to  BS.  Let  a  area 
density  of  MS  within  service  zone  be  constant. 

Probability  of  interference  in  BS  receiver  (i.e. 
event  see  eq.  (14))  is  : 

P{l2}  =  P  {R^R2<C2}.  (18) 

Fig.4  shows  the  domain  of  random  variables  Rj,  R2 
and  domain  S  in  which  IMI  exists. 

Ri 


2.  INTERFERENCE  PROBABILITY 


2.1  Common  equation 

The  IMI  probability  is  a  function  of  set  of 
random  factors  [11]  such  as:  1)  probability  P{T}  that 
simultaneously  unwanted  transmitters  are  transmitting 
and  wanted  signal  is  satisfactorily  received  in  absence 
of  unwanted  energy  simultaneously;  2)  probability  P{F} 
of  IMI  frequency  condition  fulfilment  (see  eq.(l)); 
3)  probability  P{I}  of  energy  condition  fulfilment  (see 
eq.(2)). 

The  receiver  and  transmitter  parameters  can  be 
assumed  as  determine  parameters  with  correct  accuracy. 
Then  IMI  probability  is  : 

P{l5:}  =  P{T}  ♦PiF}  *P{I}. 


Assume  that  BS  have  channels  which  carriers 
are  spaced  with  the  same  step.  Then  in  Busy  Hours  all 
BS  channels  are  active,  mobile  stations  (which  are 
transmit  at  Fj  and  F2  )  in  service  zone  are  active  too 


Fig.4  :  Domain  S  in  which  IMI  exists. 
Probability  of  I2  event  is  : 


<  C2}  =  H2  llf{RuR2)dR\dR2 
(5) 


(19) 

where  f(Ri,R2)  =  distribution  density  of  pair  of 
variables;  H2  =  normalizing  coefficient. 

Due  to  Rj  H  R2  are  independent  (random)  variables 
we  have : 


f(R,R2)  =  f,(R0*f2(R2)  (20) 

Density  of  distribution  of  random  variables  R: 
f(R)  =  2R/{R„'-R„^). 

Using  eq.(20)  in  this  case  eq.(19)  can  be  written  as 
R*/'R** 


P{h}=H2  I  !  R2dR2 

Rm^ Rm  > 


RldR^ 


(21) 


R*  =  ylC2/Rm  ;  R**=C2/  Ri2  . 
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Normalizing  coefficient  can  be  received  from 
following  condition: 


RofRo  ^ 

Hi  !  I  RidRi 

Rm\Rm  / 


Calculating  eq.  (19)  for  C2=4.81*10'^  and  Rm  = 
0.05  km  using  programm  Mathcat  we  receive: 


P  {I2}=H2  *2. 195*10  ^  (22) 

Calculation  results  of  Pllj}  for  different  Ro  are 
shown  in  table  1 . 


Table  1  :  Probability  of  single  IMI 


R^  km 

1.0 

1,5 

2.0 

4.0 

0.79 

0.25 

nh) 

8.78*10-’ 

1.73*10-’ 

0.55*10’ 

2.3  Probability  of  existing  intermodulation  interference 
set 


Let  consider  the  affecting  of  IMI  set  to  a  receiver. 
Assume  that  BS  has  N^h  channels  which  carriers  are 
spaced  with  uniform  step.  Then  a  number  of  IMI 
increases. 

For  exsample  if  BS  has  16  channels  then  each 
receiver  is  affected  by  7  interferences  of  2F,  -  F2  form 
(Q=7)  [1].  In  this  case  the  probability  of  BS  receiver 
beeing  attected  by  at  least  one  IMI  is  : 

P{I,,}  =  l-[l-P{y]‘5; 

Calculation  results  of  P{l2i}  for  different  Ro  are 
shown  in  tables  2  for  Q=7  . 


Table  2  :  Total  probability  of  IMI 


Ro,km 

1.0 

1.5 

2.0 

6.0  *  10-" 

1.2  *  10-’ 

0.38  *  10-’ 

From  data  given  in  table  2  we  see  that  probability  of 
IMI  is  significant  if  R  <  1.6  km  .  When  the  number  of 
channels  is  more  then  the  number  of  IMI  increases  and 
IMI  probability  increases  too. 


CONCLUTION 


1 .  Experemental  researches  of  susceptibility  W2  and 
IMI  analysis  allow  to  calculate  the  radii  of  interference 
zone  and  IMI  probability  of  2F,-F2  form  as  a  function 
of  MS,  BS  cellular  system  transceiver,  network 
(Eny,Ro,Nch)  and  signals  fading  parameters,  probability 
of  unwanted  mobile  station  position.  When  the  number 
of  channels  increases  then  the  number  of  IMI  increases 
and  IMI  probability  increases  too. 

2.  For  NMT-450  cellular  system  the  IMI  probability 
of  2F,-F2  form  is  significant  (i.e.  is  more  0.01)  in  case 
when  service  zone  radius  Rq  <1 .6  km. 


REFERENCE 

[1]  Recommendation  ITU-RM.  739-  1. 

[2]  ITU.  Doc.  1/1009  Intermodulation  interference 
calculation  in  the  land  mobile  service.  12  July  1995. 

[3]  CCIR.  1990.  Report  655-2. 

[4]  CCIR.  1990.  Report  522-2. 

[5]  CCIR.  1990.  Report  842-2. 

[6]  Recommendation  ITU-R  SM.332. 

[7]  CCIR.  1990.  Recommendation  478-4. 

[8]  G.K.Chan,  S.Bartlett.  Identification  of  land 
mobile  denied  spectrum  due  to  radio  interference. 
10'^  International  Zurich  Symposium  on  EMC,  9-11 
March,  1993,  p.538. 

[9]  W.Lee.  Mobile  Communication  Design 
Fundamentals,  Second  Edition.  John  Wiley  and  Sons, 
Inc.,  N.Y.,  1993. 

[10]  Recommendation  ITU-R  P.1145. 

[11]  CCIR.  1990.  Report  829. 

[12]  European  Telecommunication  Standard  ETS 
300  086.  Radio  Equipment  and  System  Land  Mobile 
Service. 


Leonid  Alter  -  received  the  MS  from  St.Petersburg 
Telecom.  University  (1968)  and  PhD  from  Moscow 
Telecom.  University  (1987).  He  is  a  senior  researcher, 
an  expert  in  the  field  of  radio  system  planning  and 
system  EMC  simulation  on  base  of  PC,  an  author  of  24 
papers  and  patents. 


EMC  2000 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


GENERALIZED  EMC  ANALYSIS  OF  AIR  NAVIGATION  AND  GSM  NETWORKS  IN  BELARUS 


Anatoly  Budai:  Belarus  Ministry  of  Posts  and  Telecommunications,  10  F.Skorina  av.,  Minsk  220050, 
E-mail:  dts@minsva2.belpak.minsk.by,  Fax:  375-17-2277559 
Konstantin  Kovalev,  Victor  Kozel,  Vladimir  Mordachev:  Belarusian  State  University  of  Informatics  and 
Radioelectronics,  6  P.Brovka  str.,  Minsk  220027,  E-mail:  nilemc@gw.bsuir.unibel.by,  Fax:  (375-17)-2310914 
Victor  Nikonov:  Belarus  State  Supervisory  Department  for  Telecommunications,  22  Engels  str.,  Minsk  220030, 
E-mail:  nikonov@belgie.belpak.minsk.by,  Fax:  375-17-2278624 


This  paper  presents  the  results  of  electromagnetic 
compatibility  (EMC)  generalized  analysis  for 
Aeronautical  Radionavigation  Service  network  and 
GSM-900  mobile  communication  network  on  the 
territory  of  the  Republic  of  Belarus.  The  analysis  is 
based  on  evaluations  of  potentially  usable  spectrum 
(radiofrequency  resour se)  that  corresponds  to  the  part 
of  the  general  frequency  band  allocated  for  the  GSM 
network  that  is  potentially  usable  under  the  EMC 
conditions. 

Keywords:  GSM,  Radionavigation,  compatibility 

Presence  of  a  developed  airdrome  network 
equipped  by  900  MHz  navigation  and  landing  systems 
in  the  Republic  of  Belarus  substantially  limits  the 
possibilities  of  GSM  mobile  network  frequency 
planning  on  Belarusian  territory.  Since  the  spectrum  is 
shared  by  the  Aeronautical  Radionavigation  Service 
(ARNS)  and  the  GSM  network,  it  is  required  to  evaluate 
the  spectrum  bandwidth  utilized  by  navigation  systems 
and  solve  the  efficient  sharing  problem  for  this 
frequency  band.  The  spectrum  occupied  by  the  ARNS 
ground  radio  transmission  equipment  is  fixed  and 
cannot  be  used  in  the  GSM  network.  The  spectrum  used 
by  the  on-board  radioreceiving  equipment  is  defined  on 
the  border  of  possible  location  of  GSM  network 
transmitters  with  the  given  power  provided  that  the 
desired  signal  at  the  navigation  receiver  input  within  the 
beacon  responsibility  area  exceeds  the  total  GSM 
network  transmitter  signal  by  the  protection  ratio  value. 

In  general,  the  radioelectronic  system  spectrum 
is  defined  as  space  volume  or  area  where  the  given 
system  operates  multiplied  by  the  bandwidth  required 
for  its  operation  [1,2].  The  above  definition 
characterizes  a  certain  space-frequency  volume 
occupied  by  a  radio  system,  with  consideration  herewith 
that  the  problem  of  EMC  with  other  systems  (of  the 
same  or  different  type)  does  not  exist  or  is  already 
solved.  Therefore  this  spectrum  definition  is  unsuitable 
for  evaluation  of  the  potentially  usable  spectrum  in  the 
environment  of  electromagnetic  collisions  between 


different  radio  systems  that  operate  in  concurrent  or 
overlaid  space- frequency  areas. 

In  this  connection,  it  is  necessary  in  some  cases 
to  correct  the  analyzed  spectrum  definition  so  as  to  take 
account  of  the  EMC  problem  when  solving  the 
problems  of  business  planning  and  radio  systems 
designing. 

Since  in  this  case  the  radio  system  (GSM-900 
network)  designing  is  carried  out  within  the  framework 
of  frequency-territorial  restrictions  stipulated  by  already 
existing  radio  facilities  of  the  ARNS  network,  the  EMC 
problem  is  solved  only  by  selection  of  the 
corresponding  technical  and  regulatory  decisions  to  be 
used  in  the  designed  system.  It  is  considered  a  priori  for 
the  existing  REF  ARNS  that  the  EMC  problem  will  be 
eventually  solved;  hence  the  spectrum  that  these 
facilities  occupy  may  be  evaluated  in  accordance  with 
the  above  definition.  For  system  project  elements,  it  is 
reasonable  to  introduce  a  notion  of  the  potentially 
usable  spectrum  which  relates  to  estimation  of  the  part 
from  the  general  frequency  band  intended  to  be  used  in 
the  designed  system  that  is  potentially  usable  under  the 
EMC  provision  conditions,. 

In  particular,  the  potentially  usable  spectrum 
can  be  evaluated  as  follows: 


PFR^ - ^ - * 

N  M  ^  ^max  ^max  ^  ^ 

*ZS  J  1  ]Sij(P,h,x)dPdhdx 

where  is  a  number  of  assumed  locations  for  designed 
system  transceivers,  M  is  the  total  number  of  frequency 
channels  provided  by  the  designed  system  standard; 

is  the  effective  radiated  power  (ERP),  the 
effective  height  and  the  azimuth  of  GSM  network  base 
station  (BS)  transmitting  antenna’s  maximum  radiation, 
respectively;  [PmimPmaJ  is  the  range  of  nominal  BS 
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ERP;  /AmtoAmox/  is  the  variation  range  of  the  BS 
transmitting  antenna’s  nominal  efficient  height;  Sij(P,h, 
X)  is  the  relative  coverage  area  of  Ath  designed  system 
BS  transceiver  on  ^-th  frequency  channel,  defined  as 
follows: 


Stj{P,hA) 


(2) 


where  Sij  nom  (PJuX)  is  the  nominal  coverage  area  of  /- 
th  transceiver  of  the  designed  system  BS  on  y-th 
frequency  channel;  Sij  emc  (P»h,X)  is  the  coverage  area 
of  Ath  project  system  transceiver  on  y-th  frequency 
channel  when  the  transceiver  parameters  are  changed  to 
provide  EMC  with  the  existing  radio  facilities. 

With  reference  to  GSM  regular  network  (ERP 
and  antenna  height  are  constant  for  all  network 
elements)  the  expression  for  PFR  can  be  reduced  to  the 
following  form: 


PFR^ 


1  ^  ^  A  ^ijkEMC 

mNLhkh  Snom 


(3) 


where  L  is  the  number  of  radiation  sectors  for  a  BS; 
SjsfOM  is  the  coverage  area  with  typical  BS  parameters 
(ERP  and  antenna  height).  Taking  into  consideration 
that  the  BS  coverage  area  is  directly  proportional  to  the 
square  of  its  radius  and  the  signal  level  at  mobile  station 
location  is  directly  proportional  to  the  base  station  ERP 
and  is  inversely  proportional  (at  first  approximation)  to 
fourth  power  of  distance  between  base  and  mobile 
stations,  the  relation  (3)  can  be  reduced  to  the  following 
form: 


PFR  = 


1  y  ^  y  IJkEMC 

UANLUh^  Pmu  ’ 


«> 


where  Pnom  is  the  nominal  BS  ERP  value  accepted  for 
the  designed  uniform  GSM  network;  Pij^  emc  is  the  ERP 
value  of  Ath  BS  in  k-th  radiation  sector  on  7-th 
frequency  channel  that  ensures  that  the  EMC  with  900 
MHz  ARNS  systems  is  achieved  {Pij^  emc^Pnom)- 

The  expression  under  the  square-root  sign  may 
be  treated  as  a  value  which  is  inversely  proportional  to 
the  value  by  which  the  interference  impact  on  ARNS 
system  exceeds  the  maximum  tolerable  level  from  A-th 
radiation  sector  of  Ath  BS  on  y-th  frequency  channel. 

The  degree  by  which  the  interference  impact 
exceeds  the  maximum  tolerable  level  may  be 
determined  comparing  the  level  of  interference  created 
by  Ath  BS  radiation  in  ^-th  sector  on  y-th  frequency 
channel  with  the  desired  signal  level  from  each  ARNS 
beacon  at  the  interference  impact  location  (at  the 
aircraft  location).  The  comparison  implies  that  the 
polarization  and  frequency  selectivity  of  the 


interference  receptor,  the  total  interference  impact  of 
several  GSM  transmitting  facilities  on  the  receptor,  and 
protection  ratios  required  for  normal  ARNS  radio 
facilities  operation  are  to  be  taken  account  of 

The  calculation  results  of  GSM  equipment 
interference  impact  on  on-board  equipment  of 
Belarusian  ARNS  for  uniform  GSM  network  segments 
located  in  regional  centers  and  in  Minsk  are  presented 
as  histograms  that  illustrate  the  distribution  of  GSM 
frequency  grid  channels  number  based  on  the  degree  of 
impact  on  the  aeronautical  radionavigation  service  (see 
Fig.l-Fig.9). 

The  following  characteristics  of  GSM  network 
segments  were  assumed  for  the  interference  impact 
analysis: 


•  BS  transmitter  power  -  40  dBm; 

•  mobile  station  transmitter  power-  33  dBm; 

•  BS  antenna  gain  factor  - 17  dBi; 

•  width  of  BS  Antenna  Pattern  -  90*^  horizontal  and  T 
vertical; 


•  BS  antenna  height  -  50  m; 


•  base  stations  use  single-sector  coverage  area  with 
maximum  radiation  directions  of  180°,  300°  and  60° 
(Fig.l,  Fig.2  and  Fig.3  respectively)  or  three-sector 
coverage  area  with  maximum  radiation  directions  of 
60°,  180°  and  300°  (Fig.4-Fig.9). 

UiUo  Minsk>1 

0.5 


Fig.1. 


N/No  Minsk-2 

0.5  : 


0.357  . 0.353 
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NW}  Mnsk-3 

0.5 

0^4..: . 0379. 


0^4..; . 0379. 


ABODE 


Fig.5. 


N/No  Moglev 


0.5 


ABODE 

Rg.9. 


Gomel 


ABODE 

Rg.6. 


Intervals  of  calculation  data  histograms 
correspond  to  the  following  interference  margins  (signal 
to  interference  ratio  exceedance  over  the  maximum 
tolerable  level)  and  to  the  relative  coverage  area  values 
of  ARNS-equipment: 


Inteiwal 

Interference 
margin,  dB 

Relative  coverage  area 

A 

-00  .  _  -9 

0 

B 

-9 ...  -5 

0.35 

C 

-5 ...  0 

0.56 

D 

0 ...  +5 

1 

E 

+5  ...  +00 

1 

In  accordance  with  received  results,  the  potentially 
usable  spectrum  may  also  be  interpreted  as  the  relative 
coverage  area  of  a  GSM  BS,  averaged  by  degree  of 
impact  on  ARNS  radio  facilities  with  provision  for 
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GSM  network  channel  allocation  at  the  BS  deployment 
point: 

PFR^YSiN,. 

5 

where  5/  -  the  relative  coverage  area  for  GSM  network 
channels  that  fall  into  i-th  interference  margin  interval; 
Ni  -  the  relative  number  of  channels  that  fall  into  /-th 
interference  margin  interval. 


Potentially  usable  spectrum  estimation  results 
for  the  considered  segments  of  the  uniform  GSM 
network  are  detailed  below. 


GSM 

network 

segment 

Potentially 

usable 

spectrum 

Number  of  potentially 
usable  GSM  network 
channels 

Minsk- 1 

0.60 

74 

Minsk-2 

0.52 

65 

Minsk-3 

0.63 

79 

Minsk 

0.58 

73 

Brest 

0.44 

55 

Gomel 

0.62 

76 

Grodno 

0.40 

50 

Vitebsk 

0.59 

73 

Mogilev 

0.56 

69 

The  potentially  usable  spectrum  definition  used 
above  (Eq.3,4)  is  invariant  to  the  type  of  frequency- 
territorial  limitations  imposed  on  the  designed  system. 
In  particular,  the  coverage  area  sizes  (ERP  values)  of 
network  base  stations  may  be  limited  by  usage 
conditions  for  the  designed  network  frequencies  in 
border  regions. 

For  instance,  taking  into  account  the 
limitations  imposed  on  the  Grodno  GSM  segment  by 
the  ARNS  as  well  as  the  limitations  due  to  international 
agreements  on  frequency  coordination  in  border  regions 
leads  to  the  following  distribution  of  the  GSM 
frequency  grid  channels  according  to  the  relative 
coverage  area  (see  Fig.  10). 


N/No  Grodno 


A  B  C  D  E  F  G 


Fig.10 


Histogram  intervals  correspond  to  the 
following  relative  coverage  area  values: 


Interval 

Relative  coverage  area 

A 

0 

B 

0.18 

C 

0.35 

D 

0.56 

E 

0.7 

F 

0.82 

G 

1.0 

Thus,  if  we  additionally  take  account  of 
limitations  stipulated  by  frequency  usage  regulations  in 
border  areas,  the  potentially  usable  spectrum  for  the 
Grodno  GSM  network  is  reduced  to  0.25  (3 1  channel  is 
potentially  usable). 

On  the  whole,  the  above  results  show  that: 

•  On  the  average,  20-30%  of  GSM  network  frequency 
channels  on  the  whole  territory  of  the  Republic  may 
be  considered  as  free  from  interference  interaction 
with  the  ARNS  network; 

•  There  is  a  real  danger  of  interference  impact  on 
ARNS  for  40-50%  of  GSM-network  channels 
subject  to  investigated  point  location  on  Belarusian 
territory,  but  this  impact  may  in  principle  be 
eliminated  by  introducing  additional  requirements  to 
antenna  selectivity  and  orientation,  as  well  as 
restrictions  on  transmit  power  of  GSM  network  base 
stations  in  bands  of  the  corresponding  ARNS 
channels; 

•  30-40%  frequency  channels  in  different  sections  of 
GSM  frequency  grid  (subject  to  the  geographical 
location  of  the  populated  area)  cannot  be  used  in 
GSM  network  due  to  substantial  violation  of  EMC 
conditions. 

The  results  of  potentially  usable  spectrum 
analysis  on  the  whole  Belarusian  territory  are  useful  for 
clarification  of  real  possibilities  and  prospects  of  GSM- 
900  network  development  as  well  as  for  frequency 
allocation  coordination  in  border  regions  taking  account 
of  operation  and  upgrade  plans  for  ARNS  systems  in 
Belarus  and  border  states. 
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Abstract 

In  the  recently  introduced  system  of  Global 
Maritime  Distress  and  Safety  System  -  GMDSS,  the 
basic  and  at  the  same  time  the  only  way  of  sending  alert 
signal  with  help  of  terrestrial  communication  is  the 
digital  selective  calling  —  DSC.  This  system,  however, 
during  its  seven  years  period  of  testing  i.e.  from 
01.02.1992  to  01. 02. 1999  has  caused  and  still  creating 
many  problems  and  much  trouble  during  its  exploitation 
at  sea. 

One  of  the  most  worrying  and  not  clarified 
problems  derives  from  the  generation  of  false  alert 
signals. 

Two  basic  factors  may  certainly  have  some 
influence  on  the  wrong  work  of  the  DSC  system: 

•  the  human  factor 

•  interferences  resulting  from  applied  solutions 
of  radiocommunication,  radionavigation  and 
apparatus  systems  on  seaships 

In  this  paper  the  author  wishes  to  present  his 
exploitation  experiences  of  DSC  in  real  conditions  at 
sea  carried  out  during  first  phase  of  introducing  the 
GMDSS  system  and  at  the  end  of  the  seven  years  period 
of  its  full  testing.  The  obtained  results  particularly  those 
concerning  the  problem  of generating  false  alert  signals 
permit  to  formulate  proper  conclusions. 

1,  INTRODUCTION 

In  1999  the  implementation  period  of  tlie  distress 
system  i.e.  its  introduction  in  tlie  world  the  new  Global 
Maritime  Distress  and  Safety  System  (GMDSS)  was 
completed. 

In  tliis  system  an  important  role  has  been  given  to 
an  entirely  new  subsystem,  i.e.  to  tlie  Digital  Selective 
Calling  which  will  permit  in  the  system,  tlirough 
terrestrial  communication,  tlie  automatic  creation  of 
radiocommunicatio  links,  including  also  the  establisliing 
of  communication  of  the  distress,  urgent,  safety  and 
routine  type. 


In  the  article  the  author  presents  the  results  of 
exploitation  research  of  this  system  wliich  liave  been 
carried  out  in  real  condition  at  sea  during  the 
exploitation  of  ships  equipped  with  GMDSS  devices. 

From  the  acquired  data  it  results  that  the  DSC 
system,  although  with  some  reticence  and  difficulties, 
lias  been  accepted  in  die  world  and  in  spite  of 
complicated  operational  procedures  fulfil  the 
presupposed  functions. 

2.  BACKGROUND 

As  known,  the  distress  system  used  up  to  now  at 
sea  permitted  to  inform  ships  being  in  the  vicinity  of  an 
accident  about  tlie  necessity  of  affording  help.  Tlie  new 
Global  Maritime  Distress  and  Safety  System  -  GMDSS 
changed  in  a  basic  way  the  execution  of  alarming  by 
giving  ships  the  possibility  of  transmitting  the  alarm  on 
shore  -  to  the  Rescue  Coordination  Center  by  means  of 
Digital  Selective  Calling  -  DSC.  Tliis  system  permits, 
without  the  intermediary  of  satellites,  to  send  distress 
signals  from  ships  to  land  and  reversely  also  as  well  as 
between  ships  by  using  to  tliat  end  specially  allotted 
frequencies  from  sea  bands  in  the  VHF,  MF  and  HF 
frequencies.  These  are  contained  in  table  1. 


Table  1.  List  of  distress  frequencies  and  in  case  of 
emergency  in  the  GMDSS  system 


DSC  Distress 
Frequencies 

Associated 

voice 

frequencies 

Associated 

data 

frequencies 

VHF 

156,525 
MHz 
(Ch.  70) 

156,8  MHz 

MF 

2187,5 

kHz 

2182  kHz 

2174,5  kHz 

HF 

4207,5 

kHz 

4125  kHz 

4177,5  kHz 

6312  kHz 

6215  kHz 

6268  kHz 

8414,5 

kHz 

8291  kHz 

8376,5  kHz 

12577  kHz 

12290  kHz 

12520  kHz 

16804  kHz 

16420  kHz 

16695  kHz 
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3.  INTRODUCTION  TO  THE  DSC  SYSTEM 

The  basic  technical  and  systemic  characteristics  and 
the  exploitation  data  of  this  system  have  been  presented 
by  the  author  in  [1]  [2].  We  want  to  remind  here  only 
the  most  important  ones.  According  to 
Recommendation  ITU-R  M.493-8  to  send  a  DSC  signal 
a  synchronous  system  composed  from  a  ten-bit  error¬ 
detecting  code  has  been  used.  It  is  based  on  tlie 
International  Alphabet  no  5  (ITA5  tab.  1.2)  composed 
of  2^=128  sequences. 

Draw.  1  presents  as  an  example  a  10-bit  code 
sequence  constitutes  a  calling  sequence  divided  into  an 
information  and  a  check  part. 

1  23456789  10 


10  10  0  110  11 


2“=1  2'*2  2^=4  2^=8  2^=162*=322*=64  2'-4  2’=2  2“=1 
Information  field  Control  field 


Fig,  1.  Code  sequence  of  a  DSC 


Address. 

The  address  part  of  a  calling  sequence  contains 
information  defining  the  addressee  of  a  given  sequence. 
For  a  selective  call  or  for  a  group  of  ships,  in  the 
address  field  we  put  the  numeric  or  alphanumeric 
address  of  the  calling  station.  The  call  of  the  group  of 
ships  in  a  given  geographic  area  is  defined  by  coding 
geographic  coordinates  according  to  the  Mercator 
projection.  In  case  of  a  distress  call  or  all  ships  call  tlie 
address  is  not  given. 

Category 

Tlie  category  information  defines  the  degree  of  priority 
of  the  call  sequence.  For  a  distress  call  the  priority  is 
defined  by  the  format  specifier  and  tlie  call  sequence 
has  no  categoiy  information. 

Self-identification 

In  the  self-identification  field  a  9  digit  identificator  is 
transmitted  -  assigned  to  each  station  and  coded  as  tlie 
address.  It  is  used  to  identify  the  transmitting  station. 


The  detecting  properties  permitting  to  detect  binary 
errors  have  been  created  by  giving  the  number  of  0  of 
the  information  field  in  a  binary  fonn.  • 

General  Format 

The  general  format  of  a  calling  sequence  is  given  in 
Table  2.  This  format  is  called  general  as  tlie  calling 
sequence  can  take  various  kinds  of  calling  depending  on 
its  destination.. 


Table  2.  General  format  of  a  calling  sequence 


Phasing 

sequence 

Address 

Category 

Messages 

As  known  the  main  task  of  a  selective  call  is  to  transmit 
messages.  The  message  in  a  call  sequence  consists  of 
several  elements  and  its  form  depends  on  the  type  of 
call.  For  distress  calls  the  message  concerning  distress  is 
contained  in  four  elements. 

•  message  1  describes  the  nature  of  distress 
endangering  a  ship. 

•  message  2  is  the  "distress  coordinates" 
message  indicating  tlie  location  of  the  ship  in 
distress. 

•  message  3  is  the  time  indication  (UTC),  when 
the  coordinates  were  valid. 

•  message  4  is  of  a  single  character  to  indicate 
tlie  type  of  communication  (telephone  or 
teleprinter)  which  is  preferred  by  the  station  in 
distress. 


Phasing  sequence 

A  phasing  sequence  of  a  calling  provides: 

•  information  to  the  receiver  to  permit  stop 
to  further  searching;  tliis  receiver, 
according  to  the  characteristics  of  the 
GMDSS  system  carries  out  radio  watch  on 
frequencies  destined  to  DSC  calling 

•  information  serving  to  reproduce  precisely 
the  position  of  particular  bits  and  to 
univocally  spot  the  position  of  code 
sequences  forming  tlie  whole  calling 
sequence 

Format  specifier 

•  The  format  specifier  of  calling  sequence 
defines  the  fonn  of  the  entire  sequence, 
depending  on  tlie  kind  of  calling.  The 
symbol  of  the  format  specifier  is 
transmitted  twice  in  both  the  DX  (Direct) 
and  RX  (Repetition)  positions. 


End  of  sequence 

The  end  of  sequence  character  is  transmitted  three  times 
in  the  DX  position  and  once  in  the  RX  position.  It  is  the 
of  the  three  unique  characters  corresponding  to  symbols 
117,  222  and  127. 

•  Symbol  no  117  if  tlie  call  requires 

acknowledgement  (RQ) 

•  symbol  no  122  if  the  sequence  is  an  answer  to 
a  call  tliat  requires  acknowledgement  (BQ) 

•  symbol  no  127  for  all  other  calls. 

Error-check  character. 

The  error-check  cliaracter  is  tlie  final  character 
transmitted  and  is  the  sign  of  error  check.  It  serves  to 
date  at  errors  which  are  undetected  by  the  ten-unit  error 
detecting  code  and  the  time  diversity  employed. 

Tlie  seven  information  bits  of  the  error-check  character 
shall  be  equal  to  least  significant  bit  of  tlie  modulo-2 
sums  of  the  corresponding  bits  of  all  infonnations 
characters. 
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4.  FALSE  DISTRESS  CALLS 

After  8  years  of  GMDSS  functioning  it  appears  tliat 
false  calls  are  the  greatest  problem  connected  witli  its 
implementation.  According  to  the  Radiocominunication 
Rules’a  false  call  is  a  call  with  distress  priority  sent  by 
a  station  which  is  not  in  distress.  This  problem  being 
monitored  and  analysed  in  detail  under  Ae  auspices  of 
IMO  by  many  centers  connected  witli  domestic 
maritime  administrations.  A  list,  in  the  graphic  form,  of 
received  false  ealls  in  DSC  system  by  MRCC  Bremen 
in  the  period  from  the  beginning  of  GMDSS 
implementation  till  the  middle  of  1998  (also  covering 
the  period  of  DSC  introduction)  has  been  presented  in 
the  Fig.  2. 


Fig.  2.  Number  of  false  DSC  calls  received  by  MRCC 
Bremen  in  the  period  of  GMDSS  implementation  (' data 
FROM  THE  FIRST  HALF  OF  1998) 

It  can  be  seen  from  the  list  that  tlie  number  of 
received  false  calls  has  been  increasing  wliat  is 
confirmed  by  data  from  1999.  If  tlie  data  showing  tliat 
the  percentage  of  received  false  calls  constitutes  100% 
of  all  received  calls  are  taken  into  consideration  tliis  is 
undoubtedly,  annoying.  The  above  presented  data  are 
also  conftrmed  by  otlier  world  centres  including  RCCs  - 
(Rescue  Coordination  Centre) 

A  list  illustrating  share  of  different  GMDSS 
subsystems  responsible  for  distress  calls  in  generation 
of  false  calls  received  also  by  MRCC  Bremen  in  tlie 
same  as  above-mentioned  period  (Fig.  3)  supplies 
interesting  infonnation. 


00 


Fig.  3.  Participation  of  different  GMD^  subsystems  in 
generation  of  false  alerts 


The  data  concerning  INMARSAT  organisation 
refer  to  all  INMARSAT  systems  used  in  maritime 
communication,  that  is  systems  A,  B,  C  and  E.  It  can  be 
concluded  from  the  presented  data  tliat  the  problem  of 
transmitting  false  distress  calls,  almost  to  the  same 
degree  concerns  all  3  GMDSS  subsystems  fulfilling  the 
function  of  alarming  in  distress  that  is  DSC, 
INMARSAT  and  COSPAS/SARSAT.  In  the  authors 
opinion  it  can  indicate  common  reasons  for  false  alarm 
generating  and  at  the  same  time  common  methods  of 
their  elimination. 

As  it  can  be  observed  from  the  presented  data 
(although  not  exhaustive)  the  problem  of  false  distress 
calls  is  being  profoundly  examined.  The  results  of  this 
research  are  deeply  analysed  which  allows  to  draw 
concrete  conclusions  both  by  international  organizations 
(first  of  all  IMO  and  ITU)  and  GMDSS  users 
tliemselves. 

Investigations  of  the  DSC  system  operation  in 
real  conditions  at  sea  during  the  first  and  last  year  of  the 
GMDSS  system  application  was  conducted  by  the 
author  with  use  of  DSC  equipment  installed  on  the 
Polish  ship  MA^  POLASIA  -  (MMSI  -  261431370)  and 
the  training  ship  of  Szczecin  Maritime  Uiuversity  - 
Poland  M/V  “Navigator  XXI”  (MMSI  -  261187000). 
Some  of  the  obtaining  results  are  presented  at  Fig.  4. 


Distress  Urgent  Safety  Routine 


SMF  BHF  QVHF 


Fig,  4.  Distribution  of  received  DSC  callings  and 
frequency  band  in  function  of  communication  category. 

Fig.4  shows  the  distribution  of  received  DSC 
calling  in  frequency  bands  in  function  of 
communication  categories.  Tlie  comparison  of  achieved 
results  witli  the  results  achieved  six  years  earlier  and 
presented  on  fig.  4  looks  very  interesting.  It  appears  that 
the  tendency  to  use  DSC  system  to  perfonn  distress 
function  on  HF  band,  where  was  noted  a  small  increase 
from  90%  in  1993  to  91,48%  in  1998  ~  was  prevailing. 

An  increase  in  die  number  of  distress  calhngs  in 
MF  band,  from  6,7%  up  to  71,4%  was  also  noted  -  it 
was  above  10  times  increased,  also  in  VHF  band  -  from 
19%  in  1993  to  46,8%  in  1998  2,5  times. 

Hence  we  may  assume,  diat  in  the  last  year  of 
applying  GMDSS  system,  die  DSC  system  is  admitted 
by  users  of  the  system  to  perform  distress  duties  before 
all  and  this  on  frequencies  of  all  three  bands:  VHF,  MF 
and  HF. 

But  we  notice  also  a  lot  of  examples  of 
message  corruption  and  information  transposition 
especially  with  die  HF  DSC  system.  Furthermore  we 
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observed  that  many  DSC  alerts  are  currently  relayed  and 
acknowledged  -  which  can  created  false  alerts  and 
interferences. 

5,  RECAPITULATION 

It  results  from  the  analysis  of  working  DSC  system 
particularly  in  the  scope  of  distress  alarming  Uiat 
generation  of  false  calls  constitutes  tlie  basic  problem. 
Such  a  great  percentage  of  false  calls  causes  the 
necessity  of  continuous  examination  of  the  DSC  system 
working  in  real  conditions.  Tlie  above  problem  causes 
serious  consequences  for  tlie  whole  GMDSS  system. 
The  most  important  of  them  can  be  formed  as  follows: 
reducing  readiness  and  efficiency  by  RCCs; 

-  liigh  costs  of  RCC  being  on  standby  and 
performing  false  SAR  actions; 
interfering  the  GMDSS  working;  and 
impairing  users  trust  in  GMDSS. 

Thus,  in  tlie  above  aspect  it  seems  essential  to 
undertake  measures  leading  to  significant  reduction  (if 
not  elimination)  of  false  calls.  International  institutions 
responsible  for  tlie  safety  at  sea  IMO  or  ITU  have 
undertaken  such  steps  but  in  tlie  autliors  opinion  all 
centres  active  in  tliis  field  should  contribute  to  this  end. 
It  ought  to  be  carried  out  in  tlirec  coordinated  training 
areas: 

administrative,  performed  by  international  and 
domestic  organizations; 

technical,  concerning  manufactures  of  DSC 
equipment; 

training,  being  tlie  domain  of  operators  training 
centers. 

It  results  from  tlie  analysis  of  efficiency  and 
reliability  of  alarming  metliods  used  in  die  system  DSC 
MF/HFA/HF  tliat  two  basic  factors  influence  tlieir 
incorrect  work: 
human; 

resulting  from  applied  functional  and  equipment 
solutions. 

Omitting  tlie  human  factor,  tlie  problem  concerns  a 
possibility  of  committing  errors  in  DSC  transmission  - 
as  a  result  of  accumulating  a  great  number  of 
radiocommunication,  radionavigational, 
electronavigational  and  electrical  devices  or  sliip 
automation  systems  in  tlie  small  space  of  ship  bridge. 
Tlierefore,  the  problem  of  electromagnetic  compatibility 
plays  a  very  important  role  here  as  tlie  interaction  of 
systems  and  devices  can  influence  generation  of  errors 
in  DSC  calling  fonnat  (Tab  2). 

The  improvement  of  tlie  existing  state  referring  to 
the  transmission  of  false  distress  calls,  in  tlie  autliors 
opinion  can  be  achieved  by: 

raising  quality  of  training  for  GMDSS  operators, 
system  users. 

Rationalization  (simplification  and 
standardisation)  of  operational  procedures  in 
distress  alarming. 

Designing  user-friendly  DSC  devices;  tlie  use  of 
umnistakably  identified  buttons,  secured  against 


chance  initialisation  of  alarm, 

-  Designing  DSC  devices  requiring  at  least  double 
confirmation  to  emit  alarm  signals. 

Examination  of  the  influence  of  radioelectronic 
and  natural  interferences  on  tlie  proper  work  of 
GMDSS  devices  and  subsystems  (including  DSC). 
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The  paper  deals  with  the  topical  for  Russia 
problems  of  the  2  GHz  band  sharing  aspects  between 
the  coming  UMTS  networks  and  radio  relay  systems  of 
the  fixed  service.  The  EMC  analysis  is  developed  on 
the  basis  of  modified  Hata  model  of  radio  waves 
propagation  in  urban  areas.  Based  upon  the  technical 
characteristics  of  the  UMTS  equipment  which  are 
being  developed  within  3GPP  TSG  RAN  and  ERC  TGI 
and  the  typical  characteristics  of  radio  relay  stations 
deployed  on  the  territory  of  Russia  the  required  cross¬ 
service  frequency-distance  separations  are  defined. 

1.  INTRODUCTION 

Introduction  of  new  technologies  in  Russia  in  the 
2  GHz  band  under  a  deficit  of  a  frequency  resource 
leads  to  aggravation  of  intersystem  EMC  problems  due 
to  historically  turned  out  frequency  sharing  in  this  band 
between  civil  and  military  radio  relay  links  (RRL).  In 
the  majority  of  CEPT  countries  the  activities  on 
removing  radio  relays  of  the  fixed  service  from  the  2 
GHz  band  are  being  conducted.  In  Russia  this  band  can 
not  be  refarmed  in  an  immediate  manner  in  view  of  a 
number  of  economical  reasons  and  necessity  of  its 
usage  by  RRL  of  military  purpose.  This  fact  is  a 
substantial  obstacle  in  the  way  of  coming  UMTS 
system  implementation. 


The  chart  (fig.l)  illustrates  frequency  allocations 
to  RRL  of  civil  and  military  purpose  and  European 
frequency  allocation  to  UMTS.  As  shown  in  fig.l,  in 
Russia  the  main  problem  of  frequency  bands  allocation 
to  UMTS  (particularly  for  terrestrial  component)  is 
connected  with  the  necessity  of  its  sharing  with  line-of- 
sight  civil  and  military  RRL  of  the  fixed  service. 

2.  PROCEDURE  OF  SHARING  STUDY 

The  base  of  analysis  is  a  calculation  of  the 
required  frequency-distance  separations  between 
potentially  incompatible  transmitters  and  receivers  for 
different  orientations  of  their  antenna  patterns.  Here, 
the  criterion  is  ensuring  the  required  wanted  signal 
reception  quality  in  the  presence  of  unwanted 
interference.  Calculated  on  the  basis  of  the  assumed 
radio  waves  propagation  model  results  for  the  concrete 
radiocommunication  equipment  can  be  considered  the 
upper  limits  of  the  required  values.  This  is  because  of 
leaving  out  of  account  the  path  loss  due  to  terrain 
constraints.  In  case  of  real  separations  exceed  the 
calculated  ones  EMC  between  the  systems  is 
considered  to  be  ensured.  Otherwise,  the  additional 
limitations  in  radiated  power,  frequency  offsets  or 
antenna  patterns  orientations  should  be  introduced. 
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The  required  separations  (taking  into  account 
multipath  fading  effect)  are  defined  according  to  the 
following  criterion: 

Ps-Pi^A+(A/^-l)A:cr,  (1) 

where 

Ps  -  receiver  sensitivity  (dBW); 

Pi  -  interf.  signal  power  at  a  receiver  input  (dBW); 

A  -  protection  ratio  of  a  receiver  (dB); 

(V2  -  l)^^_signal  margin  due  to  multipath  fading; 
k  -  coefficient  accounting  fading  margin  for  a  given 
percentage  of  time  of  intolerable  deterioration  of 
communication  quality; 

a  -  standard  deviation  characterizing  fluctuations  in 
wanted  and  interfering  signal  levels;  we  assume  that 
wanted  and  interfering  signal  power  levels  follow 
log-normal  distribution  at  the  receiver  input  (dB)  (for 
medium  cities  a  is  usually  taken  equal  to  6  dB[2]); 

Pi  =  Pt+  Gt(<Ps)  Gs(9t)  +  Uj  +  Us+ 

+  N(Af)-^  L(R)  +  Ypoi, 
where 

Pt  -  interference  signal  transmitter  power  (dBW); 
Gt(cPs)  ~  interference  signal  transmit  antenna  gain  in 
the  direction  ((ps)  of  wanted  signal  receiver; 

Gs((p'r)  “  wanted  signal  receive  antenna  gain  in  the 
direction  ((pi)  of  interference  signal  transmitter; 

Gt,  Us  “transmit  and  receive  antennas  feed  loss  (dB); 
N(Af)  “  interference  signal  attenuation  ratio  in  a 
receiver  linear  section  (dB); 

Af -  frequency  offset  (MHz); 

Ypoi  “  interference  signal  attenuation  ratio  due  to 
discrepancy  in  polarizations  (dB); 

L(R)  “  path  loss  in  the  distance  of  R  (km),  (dB); 

For  the  2  GHz  band  the  modified  Hata  Model 
[3,4]  is  applied  for  interference  signal  median  value 
calculation. 


L(R)  =  a  +  p.lg(R)  (2) 

Here,  a,  p  -  coefficients  dependent  on  the 
frequency  range  and  antenna  heights,  dB.  In  case  of 
medium  city  for  the  range  1.5... 2  GHz  parameters  a 
and  p  are  as  follows: 

a  =  46,3  +  33,9-ig(f)  “13,82-lg(hT)  ~  a(hR), 

P  =  44,9“6,55-lg(hT), 

where 

f  -  signal  operational  frequency,  MHz; 


hj,  hR  -  transmit  and  receive  antenna  heights,  m; 
a(hr)  =  (1,1  •lg(f)  “  0,7)  -  (1 ,56-Ig(f)  “  0,8),  dB. 

Considering  (1),  (2)  the  formula  for  the 
required  frequency-distance  separations  can  be  derived: 


-“(Z-fa) 

D  =  10  P 


(3) 


where 

D  -  required  distance  separation,  km; 

Z  -  complex  power  parameter, dB. 

Parameter  Z  in  (3)  is  defined  as: 

Z  =  Ps  “  Pj  ~  Gt((Ps)  -  Gs((p  r)  “  Uj  -  Us  -  Ypoi  - 
N(Af)-A- (V2 -l)A:a-  (4) 

Parameter  Z  represents  the  difference  between  the 
minimal  signal  power  at  the  receiver  input  (receiver 
sensitivity)  and  the  radiated  interference  signal  power 
in  receiver  bandwidth  taking  into  account  frequency 
offset,  protection  ratio  of  a  receiver  and  multipath 
fading  margin.  The  more  this  difference,  the  closer  a 
receiver  of  wanted  signal  and  a  transmitter  of 
interference  signal  can  be  installed  on  conditions  that 
EMC  is  ensured. 


3.  SHARING  CONDITIONS 

The  calculation  of  frequency  offsets  and  distance 
separations  for  radioelectronic  installations  (REI)  of 
UMTS  system  and  fixed  civil  and  military  services  was 
made  for  all  potential  combinations  of  mutual 
interferences. 

Table  1  presents  the  assumptions  for  assessment 
concerning  the  3-rd  generation  radioelectronic 
installations.  The  typical  values  of  parameters  for 
radioelectronic  installations  of  fixed  services  were 
taken  into  account. 

Fig.  2  presents  the  dependences  of  required 
separation  distances  of  MSsg,  BS3G  (3*^^  generation 
mobile  and  base  stations)  and  RRLs  on  parameter  Z. 
These  characteristics  were  obtained  by  means  of 
modified  Hata’s  path  loss  model  on  the  basis  of  the 
formula  (3).  Sharp  bend  of  D(z)  curve  for  BS3G  is  due 
to  transition  at  this  point  to  a  free  space  model 
(extreme  case).  Spectrum  masks  and  receiver 
selectivity  were  approximated  by  linear-logarithmic 
functions  (fig.  3).  Fig.  4  and  5  show  the  dependences  of 
interference  attenuation  ratio  in  receiver  linear  section 
for  different  cases  of  mutual  interference  of  REI. 


Table  1 


Symbol 

Unit 

Parameter 

BS3G 

MS3G 

Pr 

DBW 

Receiver  sensitivity 

-133 

-129 

Pt 

dBW 

Transmitter  power 

11 

-9 

Gr 

dB 

Receiver  antenna  gain 

14,5 

0 

Gt 

dB 

Transmitter  antenna  gain 

14,5 

0 

u 

dB 

Feed  loss 

0 

f 

MHz 

Operational  frequency 

2000 

A 

dB 

Protection  ratio  of  Rx  in  the  presence  of 
co-channel  interference 

-21,6 

-19,1 

hj 

m 

Transmitter  antenna  height 

40 

1.5 

1ir 

m 

Receiver  antenna  height 

40 

1,5 
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Fig.2 


Fig.3 


Fig.4 

The  corresponding  results  of  required  separation 
distances  calculation  between  radioelectronic 
installations  for  different  frequency  offsets  and  cases  of 
mutual  orientation  of  transmitter  and  receiver  antenna 
patterns  are  presented  in  tables  2  and  3: 

M-M  —  the  influence  direction  from  the  main  lobe  of 
interference  source  to  the  main  lobe  of  the  interfered 
station; 


Fig.  5 

M-S—  the  influence  direction  from  the  main  lobe  of 
transmitter  to  the  side  lobes  of  the  receiver; 

S-M  —  the  influence  direction  from  the  side  lobes  of 
receiver  to  the  main  lobe  of  transmitter; 

S-S  —  the  influence  direction  from  the  side  lobe  of 
interference  source  to  the  side  lobe  of  the  interfered 
station. 


Table  2 


1  Tx  RRL  — ^Rx  BSjg 

Tx  BS3G  ~^Rx  RRL 

Af,MHz 

Dy  km 

Af,MHz 

D,  km  1 

M-M 

M-S 

S-M 

S-S 

M-M 

M-S 

S-M 

S-S 

0 

27,4 

7,2 

3,67 

0,96 

0 

>100 

43,9 

85,1 

11,5 

2 

22,3 

5,87 

3,03 

78 

2 

>  100 

35,7 

70,2 

9,39 

4 

5,87 

1,54 

0,78 

0,21 

4 

71,1 

9,39 

18,2 

2,47 

6 

0,35 

<0,1 

<0,1 

<0,1 

6 

7,65 

1,04 

2 

0,27 

Table  3 


Tx  RRL  -»Rx  MS3G 

Tx  MS3G  -^Rx  RRL  | 

Af  j  MHi: 

D,  km 

Af,MHz 

D,  km  1 

M-M 

M-S 

S-M 

S-S 

M-M 

S-M 

S-S 

0 

2,05 

2,05 

0,27 

0,27 

0 

5,99 

0,81 

5,99 

0,81 

2 

1.8 

1.8 

0,24 

0,24 

2 

5,25 

0,71 

5,25 

0,71 

4 

0,5 

0,5 

<0,1 

<0,1 

4 

1,67 

0,22 

1,67 

0,22 

6 

0,12 

0,12 

<0.1 

<0,1 

6 

0,34 

0,05 

0,34 

0,05 

8 

<0,1 

<0,1 

<0,1 

<0,1 

8 

0,14 

0,02 

0,14 

0,02 
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Also  the  results  of  required  separations  between 
typical  military  line-of-sight  RRL  and  UMTS  MS  and 
BS  for  different  frequency  offsets  and  cases  of  mutual 
antenna  orientations  are  obtained  (both  for  vertical  and 
horizontal  polarization  of  military  RRL  antennas). 

4.  RECOMMENDATIONS  ON  SHARING 
CONDITIONS  BETWEEN  RRL  AND  UMTS 

Assuming  typical  values  of  REI  characteristics  for 
UMTS  and  RRL  the  crucial  influence  will  be  in 
direction  from  UMTS  radio  equipment  to  RRL  ones. 

In  the  case  of  BS3G  and  RRL  installations  line-of- 
sight  position  and  on  conditions  that  antenna  patterns 
are  oriented  by  the  main  lobes  simultaneous  sharing  is 
impossible. 

In  the  case  of  absence  of  line-of-sight  position  in 
city  environment  the  required  distance  separation 
between  RRL  of  civil  purpose  REI  and  BS3G  which 
operate  on  the  same  channels  depends  on  the  mutual 
antenna  patterns  orientation  and  comes  to  1...27.4  km. 
For  RRL  of  civil  purpose  REI  and  MS3G  it  comes  to 
0.1. ..2.05  km. 

For  providing  sharing  between  UMTS  and  RRLs 
of  the  fixed  service  it  is  necessary  to  apply  frequency 
or  distance  separations.  On  conditions  that  antenna 
patterns  are  oriented  to  each  other  by  side  lobes  and 
with  6... 8  MHz  of  frequency  offset  between  RRL 
transmitters  and  MS3G/BS3G  receivers  sharing  is 
possible. 

The  required  distance  separations  between  RLL 
of  military  purpose  REI  and  BS3G  were  calculated 
putting  into  consideration  as  the  interference  from  RRL 
REI  to  BS3G,  as  reverse  influence.  Analysis  of  these 
results  for  RRL  installations  of  military  purpose  in  the 
vertical  polarization  mode  which  operate 
simultaneously  on  the  same  channels  with  BS3G  in  the 
2GHz  band  and,  on  conditions  that  antenna  patterns  are 
oriented  by  the  main  lobes,  shows  that  the  required 
distance  separation  comes  to  36.6.. .54.7  km. 

The  required  distance  separation  between  RRL  of 
military  purpose  installations  in  the  horizontal 


polarization  mode  and  BS3G  is  4,. .5  times  less  and 
comes  to  7.2. ..10.6  km. 

The  required  frequency  offset  between  line-of- 
sight  RRL  of  military  purpose  installations  and  BS3G 
sharing  the  2GHz  band,  comes  to  6...  12  MHz. 

So,  for  ensuring  EMC  of  military  RRL  REI  with 
BS3G  it  is  necessary  to  apply  distance  separations 
putting  into  account  antenna  patterns  orientation  and 
polarization,  as  well  as  restrictions  on  frequency 
assignments. 

5.  CONCLUSION 

The  obtained  values  of  the  required  frequency- 
distance  separations  between  the  mentioned  systems 
are  of  great  practical  importance  for  the  possibility 
estimation  of  frequency  allocations  to  UMTS  networks 
in  the  specific  regions  of  the  Russian  Federation, 
particularly  in  urban  area.  Provisions  from  this  paper 
can  also  be  included  into  appropriate  agreements 
between  the  Russian  and  neighboring  countries 
administrations  concerning  the  use  of  the  frequency 
bands  in  the  border  areas. 

The  results  obtained  in  the  paper  testify  to  the 
necessity  of  the  further  regulation  of  the  national 
frequency  management  policy  and  making 
corresponding  changes  to  the  table  of  frequency 
allocations  of  the  Russian  Federation  aimed  on  the 
step-by-step  superseding  the  existing  fixed  service 
radio  relays  in  the  2  GHz  band  by  the  coming  3rd 
generation  UMTS  system. 
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TV  transmitters  operated  in  the  adjacent  band  to 
the  radiocommunication  mobile  services  (MS)  may 
cause  serious  interference.  The  paper  deals  with  such  a 
situation  when  mobile  services  in  the  164-^^174  MHz 
band  and  TV  transmitter  in  R6  channel  are  operated  at 
the  same  area.  The  evaluation  bases  on  the 
measurements  of  the  TV  signal  spectrum  and  MS 
receiver  immunity.  In  the  paper  the  protection  of  the  land 
mobile  services  from  the  broadcasting  television  is 
presented. 


1.  INTERFERING  SIGNAL 

Fig.  1  illustrates  the  signal  of  the  TV  transnnltter 
from  the  channel  R6.  Special  filters  are  used  to  form  the 
main  and  vestigial  sidebands  of  the  TV  signal.  Their 
attenuation  is  normalised  [1,2].  For  the  TV  D/K 

systems  the  attenuation  of  the  vestigial  sideband  (at  the 
frequencies  1,25  MHz  below  the  video  carrier)  relative  to 
the  main  sideband  should  be  greater  than  20  dB.  Taking 
into  account  that  the  level  of  the  main  sideband  relative 
to  vision  carrier  is  -35  dB  in  the  result  one  may  conclude 
that  the  difference  between  levels  of  vision  carrier 
vestigial  sideband  is  more  than  55  dB. 

Though  the  level  of  spectrum  in  the  lower  vestigial 
sideband  is  quite  small  even  in  the  case  of  high  power 
TV  transmitter,  but  It  may  be  high  enough  to  interfere  the 
RRL  receivers. 
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Fig.  1.  An  example  of  the  TV  signal 


In  the  Fig.1  three  spectra  are  presented;  each 
of  them  Is  connected  with  modulation  of  the  TV  signal  by 
Its  own  (different  from  others)  picture  contents.  The 
influence  of  the  modulating  picture  content  is  obvious. 
Figs  2,  3,  4,  5  and  6  illustrate  this  influence  more  detail. 
The  measured  level  and  character  of  the  TV  signal 
depend  also  on  the  detector  used  and  the  resolution 
bandwidth  of  the  measuring  receiver.  For  example 
Figures  2  and  5  illustrate  the  influence  of  the  detector 
used  to  measure  TV  signal  spectrum.  Influences  of  the 
resolution  bandwidth  Illustrate  Figures  2  and  4.  Fig.  3 
shows  the  nearest  vicinity  of  one  spectrum  line.  The 
character  of  the  spectrum  depends  on  the  contents  of 
the  test  pattern  used  to  modulate  TV  signal. 
Measurements  were  carried  out  with  the  help  of  peak 
and  rms  detectors  with  receiver  bandwidth  resolution  10 
Hz. 


Distance  between  two  adjacent  lines  of  the  spectra 
is  15625  Hz.  This  distance  is  comparable  with  channel 
separation  used  in  mobile  radiocommunication:  12,5  or 
25  kHz. 


OiFeD  B,  r..w  14  74  77 


tOOjOMH; 


T,  RMS 


JD 


Fig.  2.  Test  pattern:  H-sweep.  Resolution  bandwidth: 
1  KHz.  Detectors  used:  peak  -  upper  curve; 
rms  -  lower  curve 


Fig.  3.  Spectrum  In  the  vicinity  of  one  spectrum  line 
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Fig.  4.  Test  pattern:  H-sweep.  Resolution 
bandwidth:  10  KHz 


radiocommunication  service  the  linear  dependence 
between  level  of  TV  interfering  signal  and  the  level  of 
useful  radiocommunication  signal  is  observed:  see  Fig.  7 
and  Fig.  9. 


Fig.  7  Dependence  between  level  of  the  TV  vision 
carrier  -  Uaiv  and  useful  radiocommunication 
signal  -  Uan  measured  at  the  input  of  the  MS 
receiver. 


Fig.  6.  Test  pattern:  Mire.  Resolution  bandwidth: 
10  kHz.  Detectors:  peak  -  upper  curve; 
rms  -  lower  curve 


Fig.  6.  Test  pattern;  movies  from  videorecorder. 

Resolution  bandwidth:  10  KHz.  Detectors: 
peak  -  upper  curve;  rms  -  lower  curve 

Generally  the  interference  depends  on  the  real 
attenuation  of  the  vestigial  sideband  of  the  TV 
transmitter,  content  of  the  video  picture  and  the 
modulation  deep  of  the  TV  signal.  The  Interference  has 
pulse  character.  It  arises  from  the  AM  modulation  and 
linear  scanning  of  the  TV  signal:  see  Fig.  2. 

2.  ASSESSMENT  OF  THE  INTERFERING  SIGNAL 
Detectors 

The  appropriate  detector  should  be  used  to  obtain  best 
correlation  with  subjective  assessment  of  the  RRL 
receiver  interference  due  to  character  of  TV  interfering 
signal.  In  the  case  of  mutual  interference  inside  the 
radiocommunication  mobile  service,  where  Interfered 
and  interfering  signals  are  FM  modulated,  the  rms 
detector  Is  preferred.  But  in  the  case  of  pulse 
interference  or  interfering  signals  AM  modulated  (the  TV 
signal)  the  better  one  Is  quasi-peak  detector  followed  by 
the  psophometric  filter  (3).  The  problem  is  very  important 
because  different  detectors  give  different  values  of  the 
(S/I)af  ratio  in  case  of  the  same  subjective  assessment 
of  the  resulting  interference.  Appropriate  results  of 
measurement,  conforming  the  above  conclusion,  are 
presented  in  the  Figs  6  and  7.  For  that  part  of  the  TV 
signal  spectrum  which  is  in  the  band  of 


Interfering  spectral  lines  relative  to  the  MS  channel 

Comparing  the  frequency  of  the  spectral  lines 
(connected  with  line  frequency  of  the  TV  signal)  and 
frequency  of  the  MS  channel  one  can  see  that  for  every 
5^^  succeeding  channel  (starting  from  174  MHz)  they  are 
the  same.  This  causes  the  serious  interfering  problem  In 
these  channels.  Practical  measurements  show  that  the 
same  serious  problem  exist  even  if  the  frequencies  of 
spectrum  lines  are  slightly  moved  from  central  position, 
up  to  ±3.125  kHz.  For  extreme  positions  the 
interference  are  even  greater  than  for  the  central 
position  of  the  spectral  line  in  the  channel  considered. 
That  means  that  for  a  given  level  of  the  interfering 
spectral  line  to  receive  the  same  intelligibility  (the  same 
value  of  the  (S/I)af  ratio)  the  bigger  useful  signal  should 
be  applied  (Fig.  8  illustrates  that  problem).  For  every 
channel  three  levels  of  useful  signals  are  presented. 


»n  [MHz] 


Fig.  8  Uaz  -  spectrum  lines  of  the  Interfering  TV  signal 
for  the  H-sweep  test  patterns-  black  columns;  Uan 
-  levels  of  useful  signal  -  grey  columns  or  curve. 

They  are  connected  with  the  interfering  spectral  line 
lying  in  the  central  position  of  the  MS  channel  or  detuned 
by  ±3,125  kHz.  During  measurements  the  level  of 
interfering  TV  signal  vision  carrier  was  74  dB(|iV)  at  the 
HF  input  of  the  tested  MS  receiver.  The  same  level  was 
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used  for  the  TV  signal  modulated  by  the  H-sweep  test 
pattern  or  test  pattern  taken  from  videoplayer.  In  both 
cases  the  levels  of  useful  signal  -  Uan  was  regulated  to 
assure  at  the  AF  output  of  the  MS  receiver  the  ratio 
(S/I)af  =  20  dB.  Grey  columns  represent  the  useful 
signal  connected  with  H-weep  test  pattern,  the  curve 
responds  to  the  test  pattern  taken  from  videoplayer.  The 
frequencies  of  the  useful  signal  were  tuned  with  the  step 
of  12,5  kHz,  according  to  MS  channel  raster.  The  ratio 
(S/I)af  =  20  dB  was  chosen,  because  in  this  case  good 
audio  quality  (at  the  output  of  MS  receiver)  Is  observed. 
The  limiting  intelligibility  is  observed  at  (S/I)af  =  10  dB. 

Protection  ratio  -  PR 

The  protection  ratio  (PR)  is  defined  as  a  difference 
between  level  of  the  TV  signal  vision  carrier  and  useful 
signal  assuring  the  good  intelligibility  of  the  reception: 

PR  =  (UaTV-Uan)  (dB) 

For  example,  for  values  shown  in  the  Fig.  8  PR  =  49  dB 
for  f^  =  173,975  MHz  and  PR  =  56  dB  at  =  173.500 

MHz, 

The  above  expression,  used  to  calculate  the  PR,  is  valid 
only  in  the  range  of  linear  behaviour  of  the  MS  receiver. 
At  a  certain  level  of  the  interfering  signal  the 
desensitisation  can  occur.  In  the  Fig.  9  there  are  results 
of  measurements  for  two-type  tested  receivers  and  two 
width  of  MS  channels.  The  desensitisation  occurs  at 
112  dB(pV/m)  for  portable  receiver  (MC2100)  and  90 
dB(pV/m)  for  mobile  receivers  (MT2100).  The  influence 
of  channel  width  is  rather  small. 


Uan  (dBUiV)] 


Fig.  9  Linearity  and  desensitisation  of  MS  receivers 


3.  FIELD  IMMUNITY  OF  THE  MS  RECEIVER 

In  the  Figs  10  to  14  there  are  results  of  PR 
calculated  basing  on  the  measurements  of  the  MS 
receivers  immunity  carried  out  in  the  GTEM  ceil.  During 
Investigations  two  test  pattern  modulating  TV  interfering 
signals  and  two  channel  width  of  the  MS  receivers:  12,5 
kHz  and  25  kHz  were  used.  Comparing  Figs.  10  and  11 
or  12  and  13  the  influence  of  the  test  pattern  is  can  be 
observed. 

The  results  presented  in  the  Fig.  10  to  13  were 
received  for  the  mobile  MS  receivers  MT2100.  The 
same  measurements  were  carried  out  for  the  portable 
receiver  MC  2100  (Fig. 14),  which  are  more  immune  than 
the  mobile.  The  receivers  with  channel  spacing  25  kHz 


are  also  more  immune  (but  not  so  much)  than  receivers 
with  12,5  kHz  channel  spacing. 
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Fig.  10  Receiver  MT  2100/12.5 
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Fig.  11  Receiver  MT  2100/12.5 
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Fig.  13.  Receiver  MT  2100/25 
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Fig.  14.  Receiver  MC  2100/12.5.  o1)  H-sweep  test 
pattern,  2)  test  pattern  from  videoplayer 

4.  CONCLUSIONS 

Values  of  the  PR  ratios  depend  on  the  frequency 
separation  of  the  MS  channel  and  the  TV  vision  carrier. 
The  influence  of  the  TV  programme  contents  (film  or 
patterns  with  sharp  edges  like  letters,  tests  etc)  is  also 
observed.  Taking  into  account  the  worst  case  (from 
Figs.  10-14)  the  level  of  TV  vision  carrier  Etv.  which  will 
not  cause  Interference  to  the  MS  reception,  should  fulfil 
following  relations: 

Etv  ^  En  +  PR  dB{pV/m). 

where: 

En  ~  minimum  median  field  strength  to  be  protected 
(in  the  considered  band  22  dB(p.V/m)), 

PR  -  protection  ratio  (20-40  dB). 


Fig,  15.  An  example  of  the  computer  simulation 
results 

White  -  Etv  >  62dB,  interference  is  most 
probably, 

Grey  -  52dB  <  Etv  <  62dB,  interference  may 
occur, 

Black  -  42dB  <  Etv  <  52dB,  sharing  MS  and  TV 
is  feasible. 


In  the  Figure  15  the  results  of  the  computer 
simulation  of  the  interference  to  mobile 
radiocommunication  services  (in  the  band  172  -  174 
MHz)  caused  by  TV  station  in  the  channel  R6  is 
presented. 
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In  the  paper  the  assessment  of  the  need  of 
international  coordination  of  microwave  radio  links 
is  considered.  In  order  to  reduce  as  much  as 
possible  unnecessary  coordinations  the 
assessment  is  based  on  the  results  of  calculations 
in  the  points  located  on  the  borderline.  Additionally, 
to  be  absolute  sure  that  a  necessary  coordination 
is  not  missed,  calculations  are  performed  in  the 
"critical  points"  which  are  located  on  the  hills  or 
mountains  inside  the  foreign  country.  The  method 
can  also  be  applied  to  reduce  the  number  of 
foreign  links  stored  in  the  database. 

1.  INTRODUCTION 

The  applied  microwave  link  must  be  analysed 
from  compatibility  point  of  view  with  other  systems 
installed  abroad.  Taking  into  account  the  strong 
directivity  of  antennas  used  in  radio  relay  links  it  is 
likely  that  not  all  neighbouring  countries  will  be 
involved  in  a  coordination  process.  What  is  more, 
it  may  also  occur  that  the  link  is  situated  far  away 
from  the  border  and  there  is  no  need  for 
coordination  at  all.  One  can  take  some 
advantages,  if  such  a  situation  is  recognised. 
Firstly,  the  link  may  be  put  into  air  immediately  not 
waiting  for  the  answer  on  a  coordination  request. 
Secondly,  two  parties  can  avoid  superfluous  work: 
the  administration  sending  the  coordination 
request  and  the  administration  analysing  the 
request. 

But  the  coordination  process  for  the  link  can 
only  be  omitted,  if  it  is  sure,  that  the  link  will  not 
produce  or  get  harmful  interference  from  abroad. 
There  are  unpleasant  consequences  of  neglecting 
a  coordination  process.  A  station,  which  is  not 
coordinated  is  not  protected.  It  means  that  an 
administration  can  not  protest  if  its  receiver  suffers 
interference  coming  from  abroad  or  must  switch 
off  the  transmitter  in  the  case  of  claims  from 
another  administration.  Furthermore  it  also  means 
that  the  choice  of  the  criteria  used  for  triggering 
international  coordination  has  no  influence  on  the 
development  of  communication  systems. 


Taking  it  into  account,  the  following  conclusion 
can  be  drawn; 

The  problem  of  the  criteria,  which  should  be 
used  to  trigger  international  coordination,  is 
not  an  international  matter  and  it  must  be 
solved  by  every  administration  itself.  If  a 
necessary  coordination  is  omitted  the 
administration  will  experience  the 
consequences  of  it. 

There  is  one  more  field  where  the  method  for 
the  assessment  of  the  need  of  an  international 
coordination  can  be  utilised.  The  same  method 
can  be  used  to  reduce  the  number  of  foreign  links 
stored  in  the  database.  If  one  wants  to  avoid 
assignments,  which  are  not  compatible  with 
foreign  links,  it  is  a  good  job  to  perform 
compatibility  analysis  taking  into  account  the 
registered  links.  So  it  is  necessary  to  maintain  the 
database  containing  microwave  links  installed 
abroad.  But  it  is  not  reasonable  to  keep  in  the  data 
base  all  of  them.  The  number  of  foreign  links  must 
be  reduced  as  much  as  possible,  but  anyone, 
which  is  important,  can  not  be  neglected.  Then  the 
spectrum  engineer  faces  the  problem:  which  links 
should  be  rejected? 

2.  THE  IDEA  OF  THE  METHOD  FOR  THE 
ASSESSMENT  OF  THE  NEED  OF  AN 
INTERNATIONAL  COORDINATION 

It  may  be  supposed  that  the  method,  which  is 
based  on  calculations  at  points  located  on  the 
borderline,  is  the  best,  because  it  is  secure  and  it 
is  the  least  conservative.  The  method  is  secure 
because  points  on  a  borderline  are  expected  to 
have  the  highest  interfering  signal  level  (the 
distance  is  the  shortest).  It  is  the  least 
conservative  because  the  parameters  of  the  real 
link  can  be  taken  into  account  (transmitter  radiated 
power,  transmitter  or  receiver  antenna  radiation 
pattern,  receiver  bandwidth,  receiver  noise  figure, 
and  diffraction  losses). 
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Generally,  the  above  statement  is  true,  but  in 
some  cases  the  point  inside  the  foreign  country 
may  get  the  higher  interference  signal  level  than 
the  point  on  the  border.  Such  a  situation  is 
presented  on  figure  1 . 


Fig.  1  Point  inside  the  foreign  country  gets  higher 
interfering  signal  level  than  the  point  on  the 
borderline. 

In  order  to  avoid  missing  a  necessary 
coordination  it  is  proposed  to  perform  additionai 
calculations  at  “critical  points”  located  on  the  tops 
of  hills  or  mountains,  where  the  interfering  signai 
level  reaches  the  local  maximum. 

3.  POINTS  FOR  CALCULATIONS 

The  assessment  of  the  need  for  international 
coordination  is  based  on  the  resuits  of  calculations 
of  the  receiver  input  power  produced  by  the  given 
transmitter  at  a  potential  receiver  or  produced  by  a 
potential  transmitter  at  the  given  receiver. 
Potential  transmitters  or  receivers  are  located  at 
the  points  where  the  expected  interference  level  is 
the  highest.  These  points  are  located  on  the 
borderline  or  on  the  tops  of  hills  or  mountains 
inside  the  foreign  country. 

3.1 .  Points  on  the  borderline 

There  are  two  methods,  which  can  be  used  for 
generation  of  the  points  on  the  borderline.  The  first 
method  is  recommended  for  administrations  with 
not  a  long  borderline.  According  to  this  method 
points  are  generated  in  advance  and  their  data 
(geographical  coordinates  and  terrain  altitude 
a.s.l.)  are  stored  in  a  special  file.  Taking  into 
account  a  relatively  narrow  main  beam  of  a 
microwave  antenna  points  should  be  generated 
with  the  distant  of  100  meters.  There  is  a  weak 
point  of  this  method:  the  calculations  will  not  be 
performed  at  the  point  on  the  direction  of 
maximum  antenna  gain.  In  order  to  reduce  that 
effect  it  proposed  to  introduce  the  following 
correction  to  the  off-axis  angle  O: 


0cai  ~  max  {0,  9  -  0ooit}i  (1) 

where  Goal  is  the  off-axis  angle  after  correction  and 
Gcoff  is  a  correction  value,  which  should  be  defined 
(e.g.  =  1°  or  more). 

In  the  second  method  points  on  the  borderline 
are  generated  individually  for  every  transmitter  or 
receiver  in  the  process  of  calculation.  In  the  first 
step  the  point  is  searched  \Aihere  the  main  beam 
direction  intersects  the  borderline.  In  the  next 
steps  the  intersection  is  found  for  the  directions 
which  give  the  off-axis  angles  0  =  0.2°,  0.4°,  0.7°, 
1°,  2°,  ...,  180°. 

3.2.  Points  on  hills  or  mountains 

The  steps  required  to  prepare  the  data  file 
concerning  calculation  points  located  on  hills  or 
mountains  (“critical  points")  are  as  follow: 

Step  1:  Preparation  of  the  tile 

The  file  should  contain  the  geographical 
coordinates,  the  terrain  altitude  above  sea  level 
and  the  identifier  of  the  country.  The  data  may  be 
extracted  from  a  suitable  map  or  may  be  obtained 
by  an  exchange  with  the  neighbouring 
administration.  In  this  step  the  number  of  points 
may  be  as  large  as  possible. 

Step  2.  Selection  of  the  signiticant  points 

The  number  of  points  found  in  the  first  step 
can  be  considerably  reduced  selecting  only  these, 
which  can  produce  situation  presented  in  Fig.  1. 
The  point  is  selected  if  there  is  any  domestic  point, 
which  is  in  the  line  of  sight  with  the  point  under 
selection  and  is  not  in  the  line  of  sight  with  the 
relevant  point  on  the  borderline. 


Fig.  2.  Example  of  situation  where  a  critical  point 
is  significant. 


701 


is  not  significant. 

Figs.  2  and  3  present  situations  where  a  “critical 
point”  generated  in  step  1  is  significant  (Fig.  2)  and 
is  not  (Fig.  3).  It  can  be  seen  that  the  “critical 
point”  is  significant  if  the  tangent  to  the  smooth 
earth  including  the  ‘critical  point”  is  above  the 
tangent  including  the  border  line  point. 

Instead  of  analysing  the  position  of  these  two 
tangents,  it  is  easier  to  consider  mutually  position 
of  two  contact  points  related  to  these  lines.  If  the 
contact  point  related  to  the  borderline  point 
tangent  is  closer  to  the  “critical  point"  than  the 
contact  point  related  to  the  “critical  point”  tangent 
(Fig.  2),  then  the  “critical  point”  should  be  selected 
and  stored  in  the  data  base.  If  not,  the  “critical 
point"  found  in  step  1  should  be  cancelled.  In  other 
words  the  point  is  selected  if  the  following  relation 
is  fulfilled: 

A..,  (2) 

where: 

Dh^jp  =  4.12  VHop  is  a  horizontal  distance  of  the 
“critical  point”, 

Dh-b=  4.12  VHp  is  a  horizontal  distance  of  the  point 
on  the  borderline. 

Hep- the  height  of  the  critical  point  [m  a.s.l.], 

Hb-  the  height  of  the  border  point  [m  a.s.l.], 
Dep-b-the  distance  between  the  “critical  point”  and 
the  point  on  the  borderline  [kmj. 

The  above  relation  should  be  checked  for  every 
point  created  in  step  1  taking  into  account  points 
on  the  borderline  generated  according  to  the  one 
method  described  in  section  3.1.  The  height  of  the 
critical  point  and  the  height  of  the  border  point 
should  be  determined  according  section  3.3. 

3.3.  The  height  of  calculation  points 

The  height  of  the  points  where  a  potential 
transmitting  or  receiving  antenna  is  located  is 


determined  as  a  sum  of  the  terrain  altitude  above 
the  sea  level  and  antenna  mast  height.  The  terrain 
altitude  should  be  read  from  the  digital  terrain 
database.  The  antenna  mast  height  is  determined 
as  follows: 

for  the  terrain  height  <  300  m  a.s.l.  Hant=600  m, 

for  the  terrain  height  >  300  m  a.s.l.  and  <600  m 
a.s.l.  Hant+100  m, 

for  the  terrain  height  >  600  m  a.s.l.  Hant=30  m. 

4.  CALCULATIONS 

In  order  to  check,  if  the  planed  link  requires  an 
international  coordination,  the  calculations  should 
be  performed  to  verify  if  the  compatibility  criteria 
are  fulfilled.  In  the  first  step  the  calculations  refers 
to  the  transmitter  and  it  is  assessed  its 
compatibility  with  the  potential  receivers  located  in 
the  calculation  points  (see  section  3.).  The  “worst 
case”  configuration  (receiver  antenna  is  pointed 
exactly  to  the  transmitting  antenna,  receiver 
antenna  gain  is  maximum  and  receiver  bandwidth 
is  minimal)  is  assumed.  Because  the  value  of  the 
receiver  antenna  gain  and  receiver  noise  figure 
are  not  known  they  may  be  taken  as  a  typical  for 
the  given  range  of  frequency.  If  the  transmitter  is 
right,  the  next  calculations  are  performed  for  the 
receiver  (second  step).  Assuming  that  an 
interfering  transmitter  can  be  located  at  a 
calculation  point  and  the  “worst  case”  configuration 
(transmitter  antenna  is  pointed  exactly  to  the 
receiving  antenna,  radiated  power  is  85  dBm)  the 
value  of  parameter  for  compatibility  assessment  is 
determined.  If  the  transmitter  can  not  produce 
harmful  interference  at  a  receiver  located  in  a 
calculation  point  and  the  receiver  can  not  get 
harmful  interference  from  a  transmitter  located  in 
a  calculation  point  there  is  no  need  for 
international  coordination.  But  if  a  calculation  point 
is  found  where  it  is  not  fulfilled  it  is  better  to 
coordinate  the  link  with  the  administration  to  which 
the  point  belongs. 

If  an  administration  have  data  of  the  radio 
systems  installed  abroad  it  is  worth  to  assess 
expected  results  of  coordination.  With  that  aim  the 
further  calculations  should  be  run  for  the 
transmitter  and  the  value  of  parameter  for 
compatibility  assessment  should  be  determined  for 
every  coordinated  receiver  located  in  the  country 
pointed  for  coordination.  If  there  are  not 
incompatibilities  identified  the  same  calculations 
should  be  run  for  the  receiver  of  the  link.  In  the 
case  when  the  receiver  can  tolerate  arising 
interference  the  link  may  be  sent  for  coordination 
and  it  probably  will  be  successful.  The  negative 
answer  on  coordination  request  may  only  be  got,  if 
a  previously  coordinated  foreign  link  is  missed  in 
the  calculations. 
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In  the  case  when  the  link  is  not  compatible  with 
a  coordinated  foreign  link  the  coordination  is 
superfluous  because  it  will  not  be  successful. 

5.  RESTRICTIONS 

Presented  method  can  be  used  for 
compatibility  criteria  relating  to  the  single 
interfering  signal,  if  administration  is  obliged  to 
use  the  criteria  relating  to  the  aggregated 
interfering  signals  power  it  is  necessary  to 
establish  criteria  for  individual  interfering  signal. 
The  method  can  not  be  also  used  for  compatibility 
criteria  requiring  the  wanted  signal  level  (e.g.  C/I), 
because  for  a  potential  receiver  this  value  is  not 
known. 

6.  SUMMARISATION 

It  is  not  possible  to  carry  out  an  efficient 
frequency  management  without  reducing  the 
number  of  unnecessary  coordinations  and  with  the 
database  containing  insignificant  links.  In  order  to 
avoid  these  difficulties  the  universal  and  secure 
method  for  the  assessment  of  the  need  of  an 
international  coordination  is  presented.  The 
method  is  universal  because  it  takes  into  account 
various  terrain  configurations  and  various 
compatibility  criteria.  The  method  is  secure 
because  any  necessary  coordination  or  significant 
link  will  not  be  missed.  At  the  same  time  the 
method  is  efficient  as  much  as  possible  because 
real  link  parameters  can  be  taken  into  account 
(transmitter  power,  antenna  radiation  pattern, 
diffraction  losses,  receiver  noise  figure).  The 


method  can  be  applied  by  any  administration 
because  the  choice  of  the  method  used  is  an 
internal  matter  of  administrations, 
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A  highly  versatile  Digital  Analysis  System  (DAS)  for 
spectrum  monitoring  applications  has  been  developed 
by  the  Communications  Research  Centre  of  Industiy 
Canada.  The  system  is  made  from  commercially 
available  VXI-based  hardware  and  can  be  used  in  both 
fixed  and  mobile  spectrum  monitoring  stations.  The 
software  control  of  the  equipment,  coupled  with  the  use 
of  personal  computer  for  digital  signal  processing, 
allows  the  DAS  to  be  easily  reconfigured  to  address  the 
specific  requirements  imposed  by  the  modern  wideband 
and  narrowband  digital  systems  as  well  of  those  of  non¬ 
digital  transmissions.  The  DAS  software  measures 
technical  parameters  such  as  power,  carrier  frequency, 
S/N  ratio,  channel  and  band  noise  level,  modulation 
type,  modulation  level,  baud  rate,  signal  bandwidth  and 
performs  high  speed  channel  occupancy  (>20,000 
channels/s).  The  DAS  also  provides  "instantaneous" 
Line  Of  Bearing  (LOB)  for  transmitters  in  a  4.5  MHz 
band  using  the  Butler  matrix  technique. 

1.  The  Digital  Analysis  System 

The  hardware  architecture  of  the  Digital  Analysis 
System  (DAS)  is  briefly  described,  followed  by  a 
general  discussion  of  the  signal  processing  framework. 

1.1  Hardware  Architecture 

The  high-speed  DAS  is  based  on  the  hardware 
architecture  shown  in  Figure  1 .  This  architecture  relies 
on  commercially  available  equipment,  using  the  VXI 
instrumentation  bus.  The  VXI  data  bus  is  an  excellent 
platform  for  high  precision  measurements  required  in 
the  monitoring  of  high  dynamic  and  frequency  range 
communication  signals.  The  current  receiver  can  be 
tuned  anywhere  from  20  MHz  to  3  GHz,  and  provides  a 
RF  conversion  to  the  center  of  the  band  of  a  20  MHz 
A/D  sampling  equipment.  The  conversion  image 
rejection  of  this  receiver  is  better  than  95  dB. 


The  A/D  converter  operates  at  20  Msamples/s,  with  a 
23-bit  amplitude  resolution.  It  includes  a  digital  LO,  I/Q 
data  outputs,  24  decimation  filters,  64  Mbytes  of  FIFO 
memory  and  high  speed  local  bus  support.  This 
equipment  allows  a  wide  dynamic  range  operation,  with 
a  free  spurious  level  better  than  -110  dB.  The 
instantaneous  bandwidth,  including  the  receiver 
conversion  chain,  is  greater  than  5.0  MHz  (from  2.5 
MHz  to  8.0  MHz).  The  64  Mbyte  internal  FIFO 
memory  allows  the  continuous  bulk  storage  of  data 
record  for  more  than  one  second,  even  at  a  sampling 
rate  of  20  MHz.  The  unit  can  also  operate  at  different 
sampling  rates,  using  the  external  LO  input. 

The  output  of  the  A/D  is  directed  to  a  personal 
computer,  where  digital  signal  processing  (no  DSP 
chips  are  employed)  as  well  as  data  analysis  and  storage 
are  done.  The  data  transfer  is  done  tlirough  a  VXI 
instrumentation  bus  and  a  VXI  conti'oller.  The  personal 
computer  controls  the  whole  set  of  equipment,  through 
the  VXI  conUoller.  The  PC  also  conti'ols  one  or  more 
drop-down  receivers  for  narrowband  processing. 

1.2  Signal  Processing  Framework 

Figure  2  illustrates  the  signal  processing  architecture  of 
the  DAS.  The  sampled  composite  signal  s(k)  undergoes 
a  transformation  to  enhance  the  features  of  interest. 
Spectral  processing  is  accomplished  tlurough  a  bank  of 
bandpass  filters  implemented  using  FFT  processing. 

In  the  next  stage,  the  multichannel  composite  input 
signal  (wideband)  that  has  been  transformed  in  the 
frequency  domain,  undergoes  a  detection  stage 
establishing  the  channel  occupancy.  In  this  wideband 
setting,  it  is  desirable  that  the  method  by  which  the 
detection  is  accomplished  uses  a  constant  false  alarm 
rate  (CFAR)  detection  scheme.  Adaptive  thresholding  is 
also  important,  and  is  provided  by  computing  the  noise 
floor  level,  from  a  number  of  subbands  of  the  composite 
signal. 
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The  information  about  the  channel  occupancy,  and  the 
results  of  furtlier  analysis  on  the  occupied  channels,  is 
stored  in  a  compressed  file  format.  More  infoiTnation  is 
obtained  about  specific  channels  by  zooming  on 
narrowband  portions  of  the  band  of  interest,  or  by  going 
to  a  drop-down  receiver. 


Figure  1 :  Hardware  architecture 


2.  Specific  High-Speed  Analysis  with  the  DAS 

The  cuiTent  Digital  Analysis  System  capabilities 
include: 

tlie  control  of  the  VXI  equipment  with  a 
modular  and  versatile  software  architecture, 
based  on  object-oriented  programming 
techniques, 

an  FFT-based  filter  bank,  transfonning  the 
composite  signal  in  the  frequency  domain, 
noise  floor  level  estimation  and  CFAR 
detection  of  the  occupied  channels, 
analysis  and  compression  of  the  occupied 
channels  parameters, 
multichannel  direction  finding 
modulation  recognition 
signal  parameter  estimation 


2.1  Control  Software 


a  software  object,  with  its  own  characteristics.  The 
software  architecture  is  shown  in  Figure  3. 

2.2  Filter  Bank  Processing  [1] 

A  versatile  tiigger-stop  function,  for  signal  acquisition, 
has  been  implemented.  The  sampled  signal  is  presented 
to  the  transform  stage.  The  frequency  domain  signal 
transform  is  implemented  with  a  choice  of  two 
configurations:  a  conventional  window-based  FFT 
implementation  and  a  more  versatile  polyphase  FFT 
implementation.  The  windows  or  filter  impulse 
responses  currently  available  are  Blackman,  Hanning, 
flat-top  and  rectangular.  More  windows  can  easily  be 
added.  Based  on  the  output  of  this  filter  bank,  standard 
spectrum  analyzer  functions  are  available,  such  as 
power  and  frequency  marker,  trace  averaging,  etc. 

2.3  Noise  Level  Estimation  and  CFAR  Detection  [IJ 

The  constant  false  alarm  rate  (CFAR)  detection  of  the 
active  channels,  at  the  output  of  the  frequency  domain 
transform,  is  performed  by  using  information  about  the 
noise  floor  level.  The  noise  floor  level  is  estimated  over 
a  single  channel,  or  over  a  multichannel  frequency  band, 
using  second-order  statistics  computed  on  the  input 
signal.  The  CFAR  thresholds  arc  adjusted  with  this 
information. 

2.4  Analysis  and  Compression  of  the  Occupied 
Channels  Parameters 

The  compression  of  the  observed  data  is  accomplished 
by  recording  the  channel  power  levels,  at  the  output  of 
the  filter  bank,  for  periodic  time  intervals.  The  power 
level  is  quantized  and  stored  with  steps  of  one  dB.  This 
provides  a  picture  of  the  channel  occupancy  as  a 
function  of  time.  Further  analysis  capabilities  are 
available,  such  as  the  computation  of  the  level  crossing 
rate  for  a  given  channel,  the  cumulative  density  function 
of  the  power  levels,  and  the  center  frequency  of  a  given 
channel  [2]. 

2.5  Multichannel  Direction  Finding 

Two  parallel  receivers  are  used  for  multichannel 
direction  finding.  The  outputs  of  these  two  synchi'onized 
receivers  are  processed  by  two  parallel  filter  banks,  and 
the  angle  of  arrival  is  computed  on  the  occupied 
channels  only.  The  result  is  a  vector  of  angles  that  can 
be  further  processed  or  archived  for  statistical  purposes. 
This  Butler  Matrix  technique  allows  “instantaneous’’ 
direction  finding  on  all  the  occupied  channels  present  in 
the  receiver  bandwidth. 


The  DAS  is  controlled  through  object-oriented  code, 
which  interfaces  with  the  VXI  equipment,  and  allows 
modularity  and  versatility.  This  stiucture  is  based  on  a 
three-tier  implementation.  Each  piece  of  equipment,  and 
each  function  performed  by  the  DAS,  is  implemented  as 
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Composite  analog  signal 
(from  the  wideband  receiver) 


Figure  2:  Flow  graph  of  the  general  framework 


2.6  Narrowband  Signal  Processing 

Further  analysis  is  performed  on  the  individual  occupied 
channels,  either  by  dwelling  for  a  short  period  of  time 
(typically  100  msec)  on  each  occupied  channel  or  by 
continuously  monitoring  a  single  channel.  The 
information  that  is  obtained  for  evei^  individual  channel 
is  the  modulation  type  (within  a  predetermined  set  of 
formats)  [3],  the  carrier  frequency,  the  occupied 
bandwidth,  the  naiTowband  SNR  and  some  modulation 
parameters,  such  as  the  frequency  deviation  for  FM 
signals,  or  the  number  of  modulating  levels  for  digital 
modulated  signals. 

3,  DAS  Capabilities 

In  its  current  implementation,  the  DAS  is  capable  of  the 
following  performance: 


•  scanning  speed  greater  than  20,000  channels/s; 

1.25  kHz  resolution 

8.75  kHz  channels  bandwidth 

7  bin  points  per  channels 

•  sweeping  rate  greater  than  0.5  GHz/s; 

7.5  kHz  resolution 

The  occupancy  channel  speed  is  cunxiitly  limited  by  the 
data  hansfer  rate  between  the  VXI  bus  and  the  PCI  bus. 
As  higher  data  hansfer  rates  are  achieved,  and  as 
personal  computers  become  more  powerful,  the  receiver 
settling  time  will  be  the  ultimate  factor  determining  the 
DAS  scanning  speed.  This  quantity  is  estimated  to  be  on 
the  order  of  60,000  channels/s  for  the  current  receiver  5 
msec  settling  time. 
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Figure  3:  Software  architecture  and  interface 


4.  DAS  Applications  and  Extensions 

The  core  capabilities  of  the  Digital  Analysis  System 
have  been  included  in  a  few  specific  applications.  In 
particular,  the  DAS  has  been  used  to  build: 

•  an  application  for  monitoring  terrestrial  wireless 
communications,  in  the  spectrum  obseivation 
centres  of  the  Canadian  Government: 

high  speed  occupancy  measurements  of 
channelized  frequency  bands,  along  with  the 
compression  and  data  base  storage  of  the 
information  >  currently  such  measurements  are 
being  done  in  the  major  Canadian  urban 
centres,  to  re-allocate  spectium  for  the 
introduction  of  digital  services 

-  channelization  of  signals  that  do  not  conform 
to  frequency  allotment  plans  -  this  feature 
allows  the  rapid  surveying  of  the  radio 
spectmm  to  determine  if  there  are  any 
transmissions  that  do  not  conform  to 
allocation  plans 

•  an  application  for  satellite  carrier  monitoring: 

-  graphical  user  interface  with  the  DAS, 
displaying  the  status  of  satellite  carrier  power 
and  frequency,  and  setting  off  alarms  in  case  of 
misuse 


•  a  specific  application  for  monitoring  CDMA  signal 
frequency  bands: 

-  specialized  noise  measurement  capabilities, 

allowing  the  detection  of  narrowband 

interferers  exceeding  the  average  CDMA 

signal  power  -  it  is  also  possible  to  correlate 
the  effect  of  system  occupancy  to  the  “noise 
level”  of  the  CDMA  band 

•  a  generic  Spectrum  Analyser 

•  Radio  direction  finding 

the  DAS  has  been  used  in  field  trials  for 
direction  finding  of  frequency  agile  (hopping) 
radios  -  future  plans  are  to  expand  the  direct 
finding  capability  for  TDMA  and  CDMA 
transmissions 

•  Internet-controlled  applications: 

-  remote  conti*ol  of  any  of  the  above  application; 
as  well  as  the  network  transfer  of  the 
monitored  signals  for  usage  on  remote 
workstations. 


5.  Conclusions 

The  Communications  Research  Centre  of  Industry 
Canada  has  demonstrated  the  capabilities  of  a  highly 
efficient  Digital  Analysis  System  for  spectrum 
monitoring  applications.  The  use  of  commercially 
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available  VXI-based  hardware  offers  cheaper  and  more 
extensive  solutions  to  the  spectrum  monitoring 
problems,  than  what  is  currently  offered  in  most 
conventional  monitoring  stations.  The  “open”  hardware 
and  object  oriented  software  implementation  makes  it 
very  flexible,  in  terms  of  upgrades  and  modifications  to 
address  specific  requirements  imposed  by  the  modem 
wideband  and  narrowband  digital  systems  and  non¬ 
digital  transmissions. 
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The  problems  arising  with  the  application  of  the 
Single  Station  Location  (SSL)  method  for  determination 
of  an  HF  transmitter  geographical  position  are  consid¬ 
ered.  Issues  on  choosing  different  ionospheric  propaga¬ 
tion  prediction  models  for  SSL  software  applications  are 
discussed.  The  estimations  of  location  errors  are  given 
in  functions  of  inaccuracies  in  ionospheric  parameter 
determination  along  a  propagation  path.  Despite  of  a 
number  of  not  fully  solved  problems,  it  is  possible  to 
recommend  active  introduction  of  the  SSL  method  in 
newly  installed  and  modernized  HF  direction-finders 
(DFs)  so  the  further  improvements  were  reduced  only  to 
updating  of  a  DF  software. 

1.  INTRODUCTION 

In  HF  frequency  band  the  geographical  position 
of  a  transmitter  can  be  determined  not  only  by  tradi¬ 
tional  triangulation  method.  In  this  frequency  band 
there  is  an  unique  opportunity  to  determine  the  position 
by  only  one  DF  and  that  is  inaccessible  within  other 
frequency  bands.  Such  determination  is  carried  out  by 
simultaneous  measurement  of  the  azimuth  and  eleva¬ 
tion  angle  of  the  signal  reflected  by  the  ionosphere  and 
received  by  the  antenna  array.  This  method  has  re¬ 
ceived  the  name  “Single  Station  Location”  (SSL)  one 
[1].  The  SSL  concept  thus  allows  performing  the  loca¬ 
tion  mission  when,  for  geographical,  timing,  and  avail¬ 
ability  reasons,  a  complete  triangulation  DF  location 
system  could  not  be  installed.  SSL  may  also  be  consid¬ 
ered  as  a  compliment  to  an  existing  location  system,  by 
permitting  suppression  of  aberrant  bearings. 

Principally,  the  SSL  location  process  is  a  quite 
obvious  one.  After  measurement  of  the  elevation  angle 
of  the  received  signal,  the  trajectory  of  a  beam  on  the 
measured  frequency  is  calculated  using  appropriate 


ionospheric  propagation  model  (IPM).  The  distance  by 
the  ground  for  this  beam  and  relevant  azimuth  provide 
required  location.  However,  the  practical  implementa¬ 
tion  of  this  simple  concept  meets  some  difficulties  asso¬ 
ciated  with  the  necessity  to  ensure  acceptable  accuracy. 
These  difficulties  consist  in  the  adequate  modeling  of 
the  ionosphere  properties  along  tlie  propagation  path 
and  in  correct  interpretation  of  elevation  angle  meas¬ 
urement  results.  Analysis  of  these  factors  is  the  subject 
of  the  paper. 

2.  MODEL  AND  PARAMETERS  OF  THE 
IONOSPHERE 

Despite  of  significant  number  of  available  so¬ 
phisticated  IPMs  [2],  their  use  for  SSL  application  does 
not  result  in  considerable  success  because  they  estimate 
only  average  parameters  of  the  ionosphere.  However, 
current  parameters  of  the  ionosphere,  which  are  much 
more  important  for  SSL  application,  may  deviate  from 
average  values  up  to  15  -  20%  even  for  non-disturbed 
ionosphere  conditions.  Thus,  increasing  of  a  model 
complexity  does  not  provide  increasing  of  accuracy 
above  some  specified  value.  Therefore  it  is  more  prac¬ 
tical  to  use  simplified  models,  which  can  be  more  easily 
adjusted  in  accordance  with  data  of  current  measure¬ 
ments. 

The  best  way  of  current  ionosphere  diagnostics 
along  the  propagation  path  is  the  application  of  oblique 
sounding  ionosondes,  which  can  provide  separation  of 
modes  and  measurement  of  their  propagation  times. 
However,  use  of  such  ionosondes  results  in  pollution  of 
the  radio  spectrum  and  requires  significant  investments 
for  creation  and  maintenance  of  the  ionosonde  network. 
As  means  of  adjustment,  the  data  of  the  short-term 
forecasting  of  ionospheric  propagation  conditions  can 
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be  used  under  condition  of  their  availability  through 
relevant  national  services. 

It  seems  more  convenient  to  use  local  means  of 
ionosphere  diagnostics,  belonging  to  monitoring  sta¬ 
tions.  It  concerns  ionosondes  of  vertical  sounding, 
whose  negative  influence  on  the  radio  spectrum  pollu¬ 
tion  is  not  so  great,  as  for  oblique  sounding.  The  re¬ 
sults  of  vertical  sounding  are  applied  to  the  whole  path 
by  introduction  of  corrective  coefficients  to  a  mean 
statistical  model. 

Cheapest,  but  the  most  difficult  (from  data  proc¬ 
essing  point  of  view)  way  of  current  IPM  adjustment  is 
adaptation  of  measurements  results  in  relation  to 
known  transmitter  emissions  in  the  direction  of  meas¬ 
ured  bearings  i.e.  use  of  known  test  transmitters  serving 
as  beacons.  The  determination  of  elevation  angle  of 
signal  radiated  by  the  known  beacon  under  conditions 
of  known  distance  to  it  allows,  principally,  to  adjust 
used  IPM  based  on  these  measurement  data  (i.e.  by 
solving  an  inverse  task  of  the  propagation).  After  such 
adjustment  the  model  can  be  used  for  location  of  un¬ 
known  HF  transmitters.  With  the  presence  of  several 
beacons,  there  is  a  task  to  minimize  of  a  residual  error 
of  model  adjustment  in  accordance  with  a  redundant 
volume  of  the  data.  The  same  problem  arises  with  re¬ 
ception  of  several  modes  from  one  beacon.  Let's  notice, 
tliat  the  reception  of  signals  from  beacons  can  be  also 
used  for  correction  of  an  azimuth  error  due  to  deviation 
of  a  beam  azimuth. 

The  next  task  requiring  appropriate  decision  is 
the  measurement  of  elevation  angles  of  a  radio  wave  in 
a  vertical  plane  and  interpretation  of  measinement 
results.  A  mistake  in  conjunction  of  the  exact  elevation 
angle  to  one  of  possible  propagation  modes  can  result 
in  essential  error  in  location,  especially  in  the  case  of 
the  remote  stations,  propagation  from  which  can  occur 
by  several  hops.  At  the  present  stage  of  techniques  the 
location  with  acceptable  accuracy  is  carried  out  within 
the  limits  of  one  propagation  hop,  i.e.  on  distances  up 
to  2000  -  2500  kms  [1].  It  is  clear,  that  in  the  case  of 
more  accurate  elevation  angle  measurements  made  and 
of  more  mode  resolution  provided,  more  precise  inter¬ 
pretation  of  results  can  be  achieved.  The  most  difficult 
task  is  the  separation  of  ordinary  and  extraordinary 
waves  reflected  from  the  same  layer.  A  physical  basis 
of  such  separation  is  simultaneous  reception  and  proc¬ 
essing  of  two  ortliogonal  polarizations  of  the  received 
signal. 

These  issues  should  be  taken  into  account  under 
designing  of  particular  DF,  following  relevant  technical 
specifications,  restrictions  on  cost  of  DF  development 
and  maintenance,  and  also  depending  on  availability  of 
the  short-term  forecasts  of  ionospheric  parameters. 
Thus,  achievable  technical  accuracy  of  the  DF  should 
be  correlated  with  an  expected  methodical  error  of 
location  for  optimization  of  the  system  by  the  efficiency 
-  cost  criterion. 


3.  ESTIMATION  OF  THE  SSL  METOD  ACCURACY 

Estimations  of  possible  location  error  values  de¬ 
pending  on  errors  in  determination  of  ionosphere  pa¬ 
rameters  are  presented  below  for  an  orientation.  In 
providing  relevant  calculations  any  reasonable  BPM  can 
be  used.  For  example,  HF  propagation  model  of  Rec¬ 
ommendation  ITU-R  P.533-5  [3]  or  other  similar  one 
can  be  applied.  However,  for  such  estimations  it  is  quite 
sufficient  to  choose  simpler  models.  Very  convenient 
seems  to  be  the  IPM  in  a  form  of  spherical  laminated 
layer  with  quasi-parabolic  distribution  of  ionization  on 
height  [4]: 


N.- 

(ho-y.)^l'<(h,  +  y,) 

0 

1  Vo 

h<(ho-yo).  h  >/!,  +  y„ 

where: 

N(h)  -  electronic  density  distribution  throughout  of  a 
layer  height  h  above  the  surface  of  the  Earth, 

^m(hQ)  -  electronic  density  maximum  (EDM) 
at  the  height  ho, 
ho  -  EDM  height  of  the  layer, 
yo  -  a  half-width  of  the  layer. 

An  advantage  of  such  model  is  the  feature  that 
an  integral  describing  dependence  of  a  hop-length 
along  the  ground  surface  (i.e.  required  distance  to  the 
transmitter  R)  in  function  on  an  elevation  angle  has  the 
analytical  solution  in  elementary  functions  in  depend¬ 
ence  only  on  three  parameters:  plasma  frequency  (PM) 
at  a  layer  EDM  (foF),  height  of  the  layer  EDM  above 
the  ground  surface  (/?©),  and  a  half-thickness  of  the 
layer  {y^.  The  possibility  of  such  analytical  solving  is 
provided  due  to  this  specific  profile  of  electronic  den¬ 
sity  along  the  height  of  the  layer,  but  such  kind  of  the 
profile  almost  not  differs  from  a  usually  accepted  para¬ 
bolic  one. 

Omitting  presentation  of  further  formula  deriva¬ 
tions,  which  are  rather  lengthy  and  complicated,  let  us 
discuss  only  results  of  calculations  in  accordance  with 
general  formula  (1).  For  determinacy,  the  case  of  the 
’’night”  ionosphere  with  the  height  of  the  EDM  equals 
350  kms  and  half-width  of  the  layer  equals  150  kms  is 
considered. 

Dependence  of  a  distance  to  the  transmitter  {R) 
on  elevation  angle  at  the  ground  level  (/)  for  the  case 
of  isotropic  ionosphere  and  for  several  operating  fre¬ 
quencies  (/)  is  presented  at  Figure  1.  The  values  of 
operating  frequency /at  that  and  subsequent  figures  are 
normalized  to  a  PM  foF  at  the  layer  EDM.  The  point  of 
a  minimal  distance  to  the  transmitter  corresponds  to  the 
border  of  a  "dead  zone".  To  the  left  from  this  point  (at 
smaller  angles)  the  propagation  is  provided  by  “lower” 


710 


beams,  to  the  right  from  this  point  the  propagation  is 
provided  by  “upper”  beams. 


R,  km 


Fig.l.  Dependence  of  a  propagation  distance  on  an 

elevation  angle 

As  we  see,  even  for  the  elementary  case  of  sin¬ 
gle-mode  propagation,  there  are  two  possible  values  of 
elevation  angles  for  one  value  of  distances.  This  diffi¬ 
culty  is  partially  removed  by  the  fact  that  for  upper 
beams  attenuations  at  propagation  paths  considerably 
exceeds  attenuations  for  lower  beams.  It  is  clearly  seen 
from  Fig.  2  where  dependence  of  the  attenuation  on  the 
elevation  angle  is  presented.  The  attenuation  IV  at  Fig. 
2  is  determined  only  by  divergence  of  a  beam  tube  of  a 
propagating  wave.  At  Fig.  2  and  the  next  ones  point  of 
a  minimal  distance  for  each  curve  is  indicated  by  dot  at 
the  axis  of  abscissae.  It  is  important  for  SSL  method 
application,  that  the  upper  beams  (to  the  right  from 
minimal  distance  points  at  Fig.  2)  obtain  higher  at¬ 
tenuation  as  contrasted  to  the  lower  beams  (to  the  left 
from  minimal  distance  points  at  Fig.  2).  It  means,  that 
during  observation  by  a  measuring  device  two  groups  of 
elevation  angle  readings  related  to  lower  and  upper 
beams,  the  readings  for  lower  beams  will  have  larger 
levels  and  will  be  more  stable,  i.e,  they  will  dominate. 


Errors  in  determination  of  distances  to  transmit¬ 
ters,  which  depend  on  inaccuracy  in  determination  of 
ionospheric  parameters  and  on  errors  in  elevation  angle 


measurements,  in  accordance  with  the  theory  of  meas¬ 
urements,  can  be  express  by  partial  derivatives  on  rele¬ 
vant  parameters.  As  a  parameter  under  consideration 
we  shall  consider  estimated  distance  to  a  transmitter 
(R),  which  is  a  function  of  many  variables,  namely 
elevation  angle  (/),  PM  (/o^,  height  of  the  layer  EDM 

(ho)  and  a  half-width  of  a  layer  (vo),  i.e. 

R=R(yJoF,  ho,  yo). 

Thus,  absolute  values  of  partial  errors  in  determination 
of  R  in  dependence  on  errors  of  each  variable  can  be 
expressed  as: 

R  ^  R 

R'  = - km/degree;  R^  =  — km/MHz; 

dy  d  f^F 

Rh  ~  km/km;  Ry  =  -- —  km/km. 
d\i  ^  dy 

Relative  errors  in  determination  of  distances  in  linear 
approximation  can  be  determined  as: 

A^=:ioo/?;/i?;  Ay  =ioor;//j; 

A,=100xl0xi?;,/R;  A^=100xl0x/?;//?. 

Based  on  these  formulas  relevant  errors  in  de¬ 
termination  of  distances  were  calculated  for  EPM  given 
by  formula  (1)  under  different  values  of  a  beam  eleva¬ 
tion  angle  up  to  y  =  30^.  The  results  of  calculations 

are  presented  at  Fig.  3-6  below. 

Fig.  3  gives  errors  in  determination  of  distances 
due  to  inaccuracy  of  elevation  angle  measurements 
taken  as  d  y  =  1^  for  different  values  of  the  elevation 
angle.  Under  such  conditions,  for  lower  beams  this 
relative  error  of  distance  measurements  does  not  exceed 
8%  for  lowest  values  of  y  and  steadily  decreases  with 
increasing  of  y  up  to  zero  at  the  minimal  distance 
point.  However,  under  d  y  =  2^  this  relative  error 

doubles  and  already  obtains  significant  value. 

Fig,  4  gives  errors  in  determination  of  distances 
due  to  inaccuracy  of  PM  estimation  at  the  layer  EDM 
taken  as  d  f^F  =  1  MHz  for  different  elevation  an¬ 
gles.  Under  such  conditions,  for  lower  beams  this  rela¬ 
tive  enor  of  distance  measurements  continuously  in¬ 
creases  from  about  5%  at  lowest  values  of  y  up  to 
30%  at  y  values  in  the  vicinity  of  the  minimal  dis¬ 
tance  point.  To  provide  distance  measurements  with 
accuracy  not  exceeding  10%  within  this  range  of  y 
values,  the  error  in  estimation  of  foF  should  not  exceed 
about  300  kHz. 
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Fig.  6  gives  errors  in  determination  of  distances 
due  to  inaccuracy  in  estimation  of  a  layer  EDM  height 
above  the  ground  surface  taken  as  y  =  10  km  for 
different  elevation  angles, 

Ah% 


Fig.  3.  Relative  errors  of  distance  determination  in  func¬ 
tion  on  error  of  elevation  angle  estimation 


Fig.6.  Relative  errors  of  distance  determination  in  func¬ 
tion  on  error  in  the  layer  EDM  height  estimation 
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Fig.4.  Relative  errors  of  distance  determination  in  func¬ 
tion  on  error  in  PM  estimation 


0  5  10  15  20  25  30  y 

Fig.  5.  Relative  errors  of  distance  determination  in 
function  on  error  in  the  layer  half-width  estima¬ 
tion 

Fig.  5  gives  errors  in  determination  of  distances 
due  to  inaccuracy  of  a  layer  half-width  estimation  taken 
as  h  =  10  km  for  different  elevation  angles.  Under 
such  conditions,  for  lower  beams  this  relative  error  of 
distance  measurements  does  not  exceed  4  -  5%  having 
minimum  up  to  zero  at  y  values  slightly  higher  than 
corresponding  to  the  minimal  distance  point. 


Under  such  conditions,  for  lower  beams  this  relative 
error  of  distance  measurements  is  a  rather  stable  one 
and  does  not  exceed  5%. 

As  we  see,  the  main  errors  of  distance  determi¬ 
nation  are  due  to  errors  in  measurements  of  elevation 
angles  (including  an  error  of  determination  of  the  mode 
structure)  and  in  estimation  of  PM  of  the  layer  at  its 
EDM. 

The  existence  of  signal  fluctuations  does  not  al¬ 
low  obtaining  reliable  estimations  on  a  single  meas¬ 
urement.  The  mode  structure  of  an  observed  signal  can 
vary  in  time  due  to  fading  of  separate  modes.  For  re¬ 
duction  of  errors  in  determination  of  a  signal  mode 
structure  it  is  necessary  to  provide  accumulation  of 
measurement  data.  This  accumulation  should  be  ful¬ 
filled  during  time  periods,  which  considerably  exceeds 
correlation  intervals  of  fast  fluctuations  (i.e.  on  inter¬ 
vals  about  one  minute  and  more).  At  the  same  time 
there  is  no  sense  to  accumulate  several  readings  inside 
the  correlation  interval.  In  this  connection,  it  is  expe¬ 
dient  to  provide  accumulation  in  a  scanning  regime  of 
equipment  operation  throughout  monitored  frequency 
band,  returning  time  to  time  to  the  same  emissions 
under  considerations. 

Despite  of  significant  number  of  problems  pecu¬ 
liar  to  the  SSL  method,  which  have  not  been  solved  yet, 
it  is  expedient  to  provide  technical  possibilities  of  this 
method  implementation  in  newly  developed  DFs  and 
accordingly  upgrade  those  that  are  in  operation.  These 
measures  should  provide  possibility  of  DFs  upgrading 
only  through  software  improvements. 

Increasing  of  the  ionospheric  condition  interpre¬ 
tation  quality  is  achieved  by  accumulation  of  experi¬ 
ence  on  SSL  DFs  operation  and  by  analysis  of  the  re¬ 
sults.  Increasing  of  a  DF  base  and  application  of  recent 
signal  processing  technologies  can  provide  enhancing 
of  elevation  angle  measurement  resolution  under  condi¬ 
tions  of  large  ratios  of  a  signal  to  interference,  Activi- 
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ties  in  this  direction  are  continued  (see,  for  example, 
[5]). 

Additional  possibilities,  which  are  provided  by 
the  SSL  method,  are  already  taken  into  account  under 
modernization  of  the  radio-monitoring  network  of  the 
Russian  Federation  [6]. 

4.  CONCLUSIONS 

The  SSL  method  provides  determination  of  a 
transmitter  geographical  position  in  HF  frequency  band 
by  measurements  from  only  one  radio  monitoring  sta¬ 
tion  in  a  circular  sector.  It  is  much  cheaper  and  or¬ 
ganizationally  easier  than  location  by  traditional  trian¬ 
gulation  method.  In  a  number  of  cases,  when  there  is 
no  place  for  installation  of  the  second  and  third  DF 
with  appropriate  territory  separation  of  measuring  an¬ 
tennas,  the  SSL  method  provides  the  only  one  practical 
solution  of  the  problem. 

The  method  demands  of  high-resolution  eleva¬ 
tion  angle  measurement  facilities,  means  for  simultane¬ 
ous  receiving  of  both  signal  polarizations  and  means 
for  IPM  adjustment  based  on  results  of  current  meas¬ 
urements  and  relevant  software  for  beam  calculations. 
The  main  errors  of  distance  determination  are  caused 
by  inaccuracies  in  measurement  of  elevation  angles,  in 
identification  of  the  mode  composition  and  in  estima¬ 
tion  of  PM  of  a  layer  at  its  EDM. 

The  SSL  method  requires  further  elaboration,  as 
concerning  elevation  angle  measurement  procedure  and 
identification  of  the  mode  composition,  as  well  as  con¬ 
cerning  IPM  adjustment  based  on  results  of  current 
measurements.  These  corrections  can  be  made  on  a 
basis  of  propagation  information  from  known  transmit¬ 
ters  used  as  beacons  or  on  a  basis  of  data  on  short-term 
forecasting  of  ionospheric  propagation  conditions  pro¬ 
vided  by  relevant  national  services. 

It  seems  possible  to  recommend  tlie  SSL  method 
implementation  in  newly  developed  DFs  and  accord¬ 
ingly  upgrade  those  that  are  in  the  operation.  It  would 
be  very  beneficial  to  combine  operation  of  HF  DFs  in 
SSL  and  ordinary  triangulation  regimes  for  increasing 
overall  efficiency  of  radio  monitoring  in  this  frequency 
band. 
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A  modem,  interferometric  (iinear)  design  direction 
finder  network  is  shown  to  be  significantly 
improved  over  a  Wuilenweber  design  (circularly- 
disposed)  direction  finder  network.  The  newer 
technology  gives  not  only  faster  and  more 
accurate  results,  but  is  significantly  less 
expensive  to  Implement.  Reliability  of  the  newer, 
electronic  technology  is  better  while  maintenance 
of  an  interferometric  system  is  much  easier.  An 
investigation  of  the  relative  accuracy  between  the 
two  types  of  systems  is  conducted  and  presented. 
A  United  States  patent  has  been  issued  for  the 
new  interferometric  design.  [1.] 

1.  INTRODUCTION 

U.S.  government  engineers  have  recently 
invented  a  new  type  of  LF/MF/HF  interferometer 
direction  finding  antenna  array  and  digital  signal 
processing  system  that  allows  establishing  more 
accurate  transmitter  “fixes”  throughout  the  world 
and  subsequent  use  for  appropriate  EMC 
measures.  This  new  interferometric  system  uses 
a  number  of  special  techniques  based  both  on  a 
unique,  minimum-element  and  minimum-cost 
array  for  the  desired  frequency  range,  and  on 
simultaneous  digital  signal  processing  in  a  phase- 
matched  receiving  system  having  a  separate 
channel  for  each  antenna  element.  No  equivalent 
interferometric  system  is  known.  A  United  States 
patent  for  the  new  array  and  digital  processing 
system  has  been  issued.  [1.]  The  system  and 
network  were  recently  implemented  successfully 
by  the  U.S.  Federal  Communications  Commission 
over  an  eighteen-month  period. 

The  new  interferometric  direction  finder  (Type  I) 
replaced  on  a  one-for-one  basis,  in  the  identical 
locations,  the  Wuilenweber  (Type  W)  direction 
finder.  This  study  examines  the  results  of  the 
new  interferometer  and  compares  them  directly 
with  results  documented  and  published  previously 
for  the  Wuilenweber  [2.]. 


2.  DIRECTION  FINDER  NETWORK 

The  new  network,  comprising  fourteen, 
interconnected,  widely-dispersed  locations 
throughout  the  United  States,  including  in  Alaska, 
Hawaii,  and  Puerto  Rico,  was  installed  at  the 
identical  locations  where  the  previously  installed, 
wide-aperture  Wuilenweber  (Type  W)  direction 
finder  -  -  which  used  mechanical,  capacitively- 
coupled  goniometers,  and  which  were  operating 
continuously  from  the  early  1960’s  -  -  was  sited. 
The  new  network  is  completely  remote-controlled 
via  telephone  lines  from  one  operations  center 
near  Washington,  D.C.  Data  from  radio 
frequency  signals  and  digitally  processed  results 
have  been  taken  from  the  new  interferometric 
network  to  document  its  performance  for  this 
paper,  and  to  allow  comparison  at  the  15'^ 
International  Wroclaw  EMC  Conference  with 
results  of  the  best  of  older  (Type  W)  systems. 


UNITED  STATES  OF  AMERICA 


Fig.  1 .  Direction  finding  network  operated  by  the 
Federal  Communications  Commission  of  the 
United  States  of  America 
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3.  ADVANCED  INTERFEROMETRY 

Advanced  interferometry  can  have  a  number  of 
advantages  over  previous  technology.  With  a 
phase-matched  channelized  receiver  for  each 
antenna  element,  all  antennas  in  an 
interferometric  array  may  be  monitored 
simultaneously  rather  than  sampling  from  one  or 
two  at  a  time.  This  gives  a  better,  overall 
understanding  of  the  received  signal  while 
allowing  direction  finding  on  signals  of  shorter 
interval.  A  completely  electronic  system  such  as 
this  new  invention  has  no  moving  parts 
(goniometer  or  commutator),  eliminating 
mechanical  complexity,  reducing  costs,  and 
reducing  fabrication  and  maintenance  times,  while 
increasing  reliability.  The  application  of  digital 
signal  processing  removes  the  burden  of 
manually  determining  a  bearing  while  reducing 
both  personnel  requirements  and  human  errors. 
A  digital,  automatic  system  can  be  installed  in 
remote  locations  because  today  it  can  send 
bearing  and  other  information  over  alternative 
means  of  transmission  (e.g.,  where  there  is 
access  to  a  telephone,  fixed-wireless,  or  satellite 
circuit)  to  a  central  location.  An  interferometer 
can  more  easily  apply  a  long  base  line  to  average 
out  the  anomalies  normally  found  in  propagation 
of  radio  waves,  such  as  multipath  or  fading.  The 
baseline  of  an  interferometer  can  be  significantly 
longer,  and  therefore  offer  improved  performance 
over  a  typical  baseline  of  a  circularly-disposed, 
wide-aperture  array.  Finally,  because  digital 
signal  processing  is  used,  many  modern 
algorithms  (including  those  yet  undevised)  can  be 
applied  to  process  data,  either  at  the  remote 
location  or  at  a  central  processor,  providing  a 
broader  functionality  to  the  ultimate  user.  Other 
functions  could  include  frequency  measurement 
and  transmitter  characterization  (“fingerprinting”). 

4.  INTERFEROMETER  DESCRIPTION 

The  FCC  Type  I  is  comprised  of  eleven  active 
antenna  elements,  each  connected  to  one 
channel  of  an  eleven-channel  receiver.  The 
antenna  elements,  vertically  polarized  with  two- 
meter  physical  height,  are  placed  in  two,  suitably- 
arranged  linear  arrays,  forming  a  “V,”  that  also 
can  be  taken  as  five  similar,  equilateral  triangles 
having  a  common  apex.  In  each  linear  arm, 
spacing  of  the  elements  from  the  apex  or 
reference  element  is  4,  12,  36,  108,  and  324 
meters,  respectively.  This  spacing  provides  an 
extensive  baseline  for  lower  frequency 
applications.  The  highest  frequency  of  operation 
of  the  Type  I,  determined  by  the  spacing  (4 
meters)  of  the  elements  closest  to  the  apex,  is 
near  40  MHz.  This  cutoff  frequency,  determined 
primarily  by  the  distance  between  the  closest 


elements,  is  also  a  secondary  function  of  the 
precision  of  position  in  space  of  the  two  array 
arms,  and  the  diameter  of  the  vertical  elements. 
The  Type  I  antenna  system  has  no  theoretical 
lowest  frequency  of  operation,  as  the  324-meter 
spacing  just  becomes  progressively  smaller 
compared  to  the  signal  wavelength  captured,  with 
resulting  6  dB/octave  decreasing  sensitivity.  It  is, 
in  fact,  the  installed  RF  amplifier  characteristics 
which  have  the  greatest  effect  on  the  frequency 
response  of  the  new  system.  A  description  of  the 
interferometric  network  may  be  found  [3.]. 


Fig,  2.  Plan  view  of  the  interferometric  direction 
finder  system 


Fig.  3.  Interferometer  antenna  pictorial  drawing 
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5.  ERRORS 

5.1  Instrument  and  site  errors 

Instrument  errors  can  be  made  small  by  the 
design  of  the  DF  system.  A  frequency  standard 
provides  accuracy  for  the  RF  mixing  operations, 
defines  sample  increments  for  the  analog  to 
digital  conversion  process,  and  allows  absolute 
synchronization  of  the  bearing  observations,  not 
only  among  the  various  channels  of  the  multi¬ 
channel  system,  but  also  among  multiple  DF 
sites.  Calibration  processes  for  the  connecting 
cables,  active  buffer  amplifiers,  and  preselection 
filters  assure  phase  match  between  receiver 
channels.  The  use  of  digital  signal  processing 
steps  in  the  intermediate  signal  processing  stages 
of  the  receiver  guarantees  stability  in  the  most 
troublesome  portion  of  the  receiver  circuitry  [4.]. 

5.2  Lateral  deviation  errors 

These  errors  are  due  to  random  variations  in  the 
composition  of  the  ionosphere  which  ultimately 
cause  the  point  of  reflection  of  the  radio  wave  to 
depart  from  the  great  circle  azimuth  between  the 
DF  location  and  the  transmitter.  A  good  method 
of  dealing  effectively  with  these  errors  is  to 
average  observations  over  time.  Variations  may 
be  leveled  by  providing,  as  in  this  system  for 
example,  up  to  1024  bearings  per  second,  and 
remaining  on-task  for  as  many  minutes  as 
desired. 

5.3  Wave  polarization  and  interference  errors 
These  errors  arise  as  a  consequence  of  multipath 


propagation,  causing  the  instantaneous  polarity  of 
the  wavefront  to  vary,  or  be  distorted,  due  to  the 
presence  of  multiple  signal  sources  within  the 
received  bandwidth.  The  DF  system  can 
discriminate  against  polarization  changes  by 
responding  only  to  the  vertically  polarized 
component  of  the  wavefront.  This  is 
accomplished  by  having  the  short  vertical 
monopoles  accurately  erected,  and  then 
decoupling  the  RF  cable  from  any  horizontal 
component  of  signal  which  might  be  induced. 
Distortion  of  the  wavefront  is  identified  by 
conducting  an  analysis  of  the  phases  measured 
across  the  sampled  space.  The  phases  of  each 
adjacent  element  are  referred  to  the  apex 
element.  When  the  possible  phase  measurement 
exceeds  2n  radians,  the  phase  measurements 
are  linearly  extrapolated,  based  on  the  previous 
element  measurement  multiplied  by  a  factor  of 
three  representing  the  expansion  of  the  baseline. 
If  the  estimated  phase  can  be  matched  by  adding 
multiple  271  increments,  then  that  value  becomes 
the  new  absolute  phase  measurement  for  that 
array  element.  Eventually,  the  phase  of  each 
element  in  each  leg  of  the  array  is  known.  If  an 
undistorted  wavefront  is  being  measured,  the 
variance  of  the  data  along  the  array  should  have 
a  low  deviation  from  the  linear  extrapolation. 
Another  test  may  be  carried  out  based  on  the 
measured  amplitude  from  the  array  element.  If 
this  amplitude  falls  below  that  required  to  provide 
adequate  phase  resolution  on  a  particular 
channel,  the  extrapolation  process  is  invalidated 
and  the  dataset  is  rejected.  These  two  data  tests 
can  be  used  to  reject  many  of  the  bearings  which 
are  not  valid  and  which  would  otherwise  clutter 
the  results. 
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Fig.  4.  Interferometer  (Type  I)  bearing  error  cumulative  distribution 
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6.  DIRECTION  FINDING  DATA 
6.1  Interferometer  data 

Data  that  characterize  the  Type  I  interferometer 
were  taken  over  a  three-month  interval.  In  this 
interval,  an  aggregate  of  7,980  individual  bearings 
on  known  sources  from  all  fourteen  U.S.  direction 
finding  sites  was  taken.  Of  the  total  number  of 
samples,  2,066  possibilities  were  discarded  for 
cause,  including  telephone  line  noise  or 
interruptions,  lightning  damage,  scheduled 
downtime  for  maintenance,  and  signals  not  heard 
for  any  reason  during  the  three-month  interval. 
This  indicates  a  reliability  rate  of  about  74%  for 
the  network.  When  errors  were  determined  on  all 
used  bearings  (5,914),  some  485  were  found  to 
be  wild,  defined  as  >  +/-  10  degrees  beyond  the 
true  bearing.  This  means  that  wild  bearings 
under  this  criterion  comprised  about  8%  of  the 
used  bearings,  leaving  a  total  of  5,429  samples 
(68%)  representing  “valid”  bearings  on  desired 
signals.  These  rates  compare  favorably  with 
previously  found  probabilities  of  32%  not  heard, 
and  8%  wild,  leaving  60%  valid  bearings  [5.].  To 
present  data  in  a  meaningful  way  which  can  be 
compared,  and  taking  bearing  error  from  the 
interval  between  +5  and  -5  degrees,  Figure  4 
shows  in  bar  graph  format,  the  cumulative 
distribution  of  interferometer  error  over  this  range. 


6.2  Wullenweber  data 

From  documented  historic  data  [2.],  bearing 
distribution  statistics  from  about  1000  valid 
bearing  samples  are  available.  Results  of  the 
historic  data  are  presented  in  summary  form 
below.  Approximately  60%  of  all  the  bearings 
used  in  this  analysis  fall  within  1.5  degrees  of  the 
true  bearing.  Finer  statistical  analyses  [2.]  of  the 
Wullenweber  data  found  that  bearing  error  is 
reduced  for  bearings  of  higher  classification.  This 
suggests  that  overall  performance  of  a  direction 
finding  system  will  be  improved  if  bearings  are 
classified  accurately  and  if  more  importance  is 
given  to  highly  classified  bearings  in  performing 
calculations.  For  example  [2.]: 

BEARING  PERFORMANCE  BY 
CLASSIFICATION  AND  ERRORS  OF 
MEASURED  VALUES 


BEARING 

CLASS 

NUMBER 

OF 

SAMPLES 

AVERAGE 

ERROR 

(degrees) 

STANDARD 

DEVIATION 

(degrees) 

A 

28 

0.5 

1.6 

B 

135 

0.2 

2.1 

C 

114 

0.2 

3,4 

Bearing  classification  is  explained  and 
documented  [6.]. 


ERROR  (DEGREES) 


Fig.  5.  Wullenweber  (Type  W)  bearing  error  cumulative  distribution 


Similarly,  if  bearing  performance  is  analyzed  by 
signal  strength,  we  find  the  following  [2.]: 
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installation  costs  and  reduced  maintenance 
requirements. 


BEARING  PERFORMANCE  BY 
SIGNAL  STRENGTH  AND  ERRORS  OF 
MEASURED  VALUES 


SIGNAL 

STRENGTH 

NUMBER 

OF 

SAMPLES 

AVERAGE 

ERROR 

(degrees) 

STANDARD 

DEVIATION 

(degrees) 

S1 

2 

2.5 

4.0 

S2 

54 

0.5 

3.4 

S3 

151 

0,1 

2.7 

S4 

63 

0.3 

1.9 

I  S5 

7 

-0.3 

_ U _ 

Signal  strength  nomenclature  is  explained  and 
documented  [6.]. 


Figure  5  shows,  again  in  bar  graph  format  but  for 
the  Type  W  system,  the  cumulative  distribution  of 
error  over  a  range  of  from  +5  to  -5  degrees. 

6.3  Comparing  data 
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7.  CONCLUSIONS 

7.1  As  direction  finding  measurements  must  be 
made  for  all  qualities  of  the  received  signal,  it  is 
useful  to  determine  the  average  operating 
conditions  for  direction  finding  and  the 
performance  of  the  systems  under  constraints  of 
signal  parameters  encountered.  The  typical 
bearing  is  taken  under  less  than  ideal  conditions, 
which  in  turn  affects  the  accuracy  obtained. 
Given  the  realities  of  operating  conditions,  it  is 
imperative  that  direction  finder  operators 
accurately  determine  the  parameters  of  the 
subject  signal  so  that  the  quality  and  description 
of  the  bearing  and  signal  parameters  may  be 
adequately  established. 

7.2  Performance  of  the  interferometer  direction 
finder  shows  substantially  improved  results  over 
the  wide-aperture,  Wullenweber  design. 

7.3  The  simpler  physical  construction  of  the 
interferometer  intuitively  indicates  less  expensive 
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Threshold  degradation  caused  by  an 
aggregated  interference  power  is  a  useful  criterion 
for  compatibility  assessment  from  the  frequency 
management  point  of  view,  because  it  allows  to 
ensure  the  designed  availability  and  performance 
of  a  link.  In  the  paper  two  algorithms  for  division  of 
allowable  receiver  threshold  degradation  between 
involved  administrations  are  presented.  It  may  be 
useful  for  international  coordination  of  microwave 
links. 

1.  INTRODUCTION 

Nowadays  it  is  not  possible  for  a  radio 
communication  system  to  work  in  the 
electromagnetic  environment  free  of  interference. 
So  manufactures  and  system  planers  must 
produce  their  devices  and  design  links  which  could 
tolerate  certain  amount  of  a  power  arising  from 
interfering  signals.  The  most  harmful  is  a 
stationary  interference  producing  the  noise,  which 
can  be  handled  in  the  same  way  as  thermal  noise 
having  the  same  power.  As  a  result  of  stationary 
interference  the  level  of  a  noise  power  is  increased 
and  a  fade  margin  is  reduced.  In  order  to  ensure 
the  assumed  availability  and  performance  of  the 
link  a  planner  should  determine  the  fade  margin 
taking  into  account  the  increase  of  the  noise  level 
in  the  future.  This  point  may  occur  to  be  the  most 
difficult.  How  the  maximum  interference  power 
can  be  foreseen? 

2.  THE  ALLOWABLE  THRESHOLD 
DEGRADATION 

The  satisfactory  solution  can  be  found  if  an 
administration  defines  the  maximum  allowable 
interference  power  and  ensures  that  it  is  not 
exceeded.  In  fact  this  method  is  applied  by  some 
administrations,  which  will  not  give  the  licence  if 
the  appeared  interference  causes  degradation  of 
the  receiver  input  power  (and  fade  margin)  grater 
than  the  defined  value.  In  other  words,  there  is 
certain  amount  of  dBs  in  the  designed  fade 


margin,  which  is  assumed  to  be  lost  due  to  the 
interfering  signals.  Every  new  interfering  signal 
increases  the  total  power  coming  from  interference 
and  causes  fade  margin  degradation.  If  the  signal 
level  of  the  next  planed  link  causes  exceeding  that 
value,  this  link  is  not  put  into  operation.  This 
approach  enables  to  avoid  unexpected  situations, 
when  the  link  suffers  unacceptable  degradation  of 
availability  and  performance. 

Situation  is  clear  until  a  link  does  not  get 
interference  from  abroad.  If  it  does,  this 
interference  must  be  taken  into  account.  But  it  is 
not  reasonable  to  treat  foreign  links  on  equal  rights 
with  the  national,  especially  if  the  foreign 
administration  is  more  advanced  in  the 
development  of  their  radio  communication 
systems.  In  such  a  case  foreign  links  are  in  a 
favour  position,  because  they  will  occupy  a  great 
piece  of  the  allowable  fade  margin  degradation 
restraining  development  of  national  systems.  In 
order  to  give  equal  chances  to  all  countries  it  is 
proposed  to  split  the  value  of  allowable 
degradation  into  two  parts;  one  assigned  for 
national  links,  second  for  international. 

This  approach  can  be  implemented 
immediately  only  for  the  USA,  where  there  is  no 
point  where  two  different  borderlines  meet 
together.  In  Europe  interference  can  come  from 
two  or  three  countries.  What  to  do  in  such  a  case? 
How  to  manage  the  allowable  fade  margin 
degradation  caused  by  foreign  signals? 

It  is  not  fair  to  treat  all  foreign  signals  jointly 
and  assign  them  a  common  allowable  fade  margin 
degradation  because  one  (more  advanced) 
administration  may  exhaust  all  interference  limit. 
Therefore  the  value  of  allowable  degradation 
assigned  for  foreign  links  must  be  split  in  to 
neighbouring  countries.  But,  how  to  do  it  and 
satisfy  all  of  them? 
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3.  DIVISION  OF  THE  ALLOWABLE  THRESHOLD  Bearing  this  in  mind  two  algorithms  for  division 

DEGRADIATION  BETWEEN  iNVOLVED  of  the  allowable  receiver  threshold  degradation 

ADMINISTRATIONS  between  involved  administrations  were  elaborated. 


It  may  be  supposed  that  nobody  will  raise  an 
objection  to  the  following  assumption: 

The  administration  that  is  likely  to  have  (now 
and  in  the  future)  more  interfering  transmitters 
should  “take  a  bigger  piece  of  a  cake”. 

It  means  that  administrations  should  not 
participate  in  the  division  of  the  allowable  fade 
margin  degradation  on  equal  rights.  The 
administration  that  may  have  greater  number  of 
transmitters,  which  could  deteriorate  the  receiver 
fade  margin,  should  get  bigger  part  of  the 
allowable  threshold  degradation.  But  how  to 
assess,  which  administration  may  have  more 
interfering  transmitters?  “May  have"  denotes  that 
not  only  existing  transmitters  should  be  taken  into 
account,  but  also  those,  which  may  appear  in  the 
future. 

The  answer  on  the  last  question  may  be  given 
if  the  area,  where  the  interfering  transmitters  may 
appear,  is  defined.  There  are  a  lot  of  methods, 
which  would  enable  to  generate  such  areas.  One 
of  the  simplest  is  the  “key  whole”,  where  two 
distances  are  defined:  first  (longer)  in  the  main 
lobe  of  the  antenna,  the  second  (shorter)  outside 
the  main  lobe  (Fig.1). 


Country  A 


Fig.  1 .  „Key  whole”  area  on  the  map 

It  can  be  assumed  that  the  surface  distribution 
of  transmitters  is  homogeneous,  so  the  number  of 
interfering  transmitters  belonging  to  the 
Administration  is  proportional  to  the  surface  of  the 
country  overlapping  the  area  where  the  interfering 
transmitters  may  appear.  The  country  C  from  Fig. 
1  may  have  therefore  more  interfering  transmitters 
than  the  country  B. 


Algorithm  I. 

The  idea  is  as  follows: 

The  value  of  allowable  degradation  assigned 
for  foreign  links  should  be  divided  in  to 
neighbouring  administrations  in  the  same  ratio 
that  the  territory,  where  the  foreign  interfering 
transmitters  may  appear,  is  divided  between 
these  administrations. 


1 .  Determine  the  surface  of  the  area  where  the 
interfering  transmitters  may  appear  (S). 

2.  i  =  1 

3.  Take  the  foreign  administration  numbered  i 

.  (Ai) _ 

4.  Does  the  country  of  the  administration 

overlap  the  area  where  the  interfering 
transmitters  may  appear? _ 

_ Yes _ No _ 

4.1  Determine  the  Coordination  with 

overlapping  surface  -  administration  A|  is  not 
S(A|) _ _  required. 

4.2  Determine  the 
threshold  degradation 
allowable  for 
transmitters  of 
administration  Ai 

(TDi) 

TDi  =  [S(Ai)/2S(Ai)]  • 

[allowabie  degrada¬ 
tion  assigned  for 

foreign  links)  dB _ 

5.  Have  all  administrations  been  analysed? 

Yes  r  No 


5.1  Finish 


i  =  i  +  1 
go  to  3 


Algorithm  II 

The  idea  is  as  follows: 


The  administration  exploring  the  given  Fig  1. 
receiver  should  participate  in  dividing  of  the 
„dB  cake”  on  equal  rights  with  other 
administrations. 


Taking  it  into  account  the  Algorithm  II  should 
be  modified  in  the  following  way: 

•  „the  dB  cake”  is  equal  to  the  whole  allowable 
degradation, 

•  point  3  should  read;  Take  the  administration 
numbered  i  (Ai), 
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•  the  formula  in  point  4.2  should  read:  TD|  = 
[S(Ai)/S]  •  [allowable  degradationJdB. 


4.  SUMMARISATION 

Threshold  degradation  caused  by  an 
aggregated  interference  power  is  a  useful  criterion 
for  compatibility  assessment  from  the  frequency 
management  point  of  view,  because  it  allows  to 
ensure  the  designed  availability  and  performance 
of  a  link.  The  mentioned  advantage  can  be  taken  if 
foreign  links  are  treated  under  the  same  criterion. 
If  they  are  the  problem  of  the  division  of  the 
allowable  threshold  degradation  between  involved 
administrations  must  be  solved.  In  the  paper  two 
solutions  are  given.  Both  of  them  take  into  account 
the  development  of  the  radio  systems  by  every 
administration  in  the  future.  The  algorithms  can  be 
incorporated  to  multilateral  agreements. 
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1  INTRODUCTION 

The  importance  of  the  introduction  of  digital 
broadcasting  can  hardly  be  overestimated.  The 
transition  from  analogue  broadcasting  to  digital  will  have 
a  major  impact  on  all  elements  of  broadcasting,  both 
technical  and  non-technical,  and  will  significantly  affect 
hundreds  of  millions  of  listeners  and  viewers.  For  the 
first  time  in  the  history  of  broadcasting  a  standard 
without  backward  compatibility  will,  on  a  large  scale, 
replace  the  one  in  use. 

The  process  of  digitalisation  takes  place  in  an 
environment  where  an  unprecedented  number  of 
Information  and  communication  techniques  are  being 
Introduced  and  where  new  concepts  such  as  multimedia 
are  emerging.  This,  together  with  the  inherently  generic 
nature  of  digital  technology,  is  the  major  factor  which  will 
affect  the  future  shape  of  broadcasting. 

From  the  spectrum  management  point  of  view  the 
Introduction  of  terrestrial  digital  broadcasting  presents 
an  extreme  challenge  which  would  not  be  manageable 
without  an  appropriate  computer  support.  The  role  of 
data  exchange  and  of  its  software  support  is  discussed 
in  this  paper  on  a  case  study  of  two  major  CEPT 
activities. 

2  BACKGROUND 

While  digital  broadcasting  of  sound  and  broadcasting  of 
television  have  many  things  in  common  there  are  factors 
which  make  the  process  of  their  introduction  quite 
distinct  in  some  aspects.  The  major  technical  features 
are  summarised  in  the  Table  1 . 

From  the  spectrum  management  point  of  view  the  main 
difference  between  the  two  is  that  while  the  introduction 
of  the  DVB-T  can  be  seen  as  an  upgrade  of  existing 
form  of  terrestrial  TV  broadcasting,  the  T-DAB 
introduces  an  entirely  new  service  into  frequency  bands 
which  are  heavily  populated  by  other  services. 
Consequently:  T-DAB  is  based  on  the  implementation  of 
a  CEPT  T-DAB  Plan  (Wiesbaden  95);  the  introduction  of 
DVB-T  is  seen  as  a  process  of  a  gradual  conversion 
governed  by  so-called  Chester  97  procedures. 


System 

T-DAB 

DVB-T 

ETS!  Standard 

ETS  300  401 

ETS  300  744 

Channel  width 

1.5  MHz 

7  or  8  MHz 

Modulation 

OFDM 

OFDM 

Channel  width 
compared  with 
analogue 

Much  bigger 

Comparable 

Channel  raster 
compared  with 
analogue 

N/A 

Identical 

Target  frequency 
band 

VHF/1.5GHZ 

UHF/(VHF) 

Reception 

Mobile 

Portable/Fixed 

Table  1 ,  Major  technical  features  of  T-DAB  and  DVB-T 


2.1  Wiesbaden  1995 

After  considerable  preparations  the  CEPT  T-DAB 
Planning  Meeting  took  place  in  summer  1995  at 
Wiesbaden.  Final  Acts  from  this  Meeting  contain  a 
complete  CEPT  T-DAB  Plan  for  allotments  for  Priority  1 
and  Priority  2  requirements.  It  also  defines  all 
procedures  required  for  maintenance  of  the  Plan 
Including  rules  for  converting  allotments  into 
assignments. 

The  allotment  plan  for  more  than  700  allotments  was 
synthesised  based  on  full  analysis  of  compatibility 
between  allotments  and  between  allotments  and  other 
services  operating  on  relevant  frequencies.  This  was 
made  possible  through  an  exercise  of  massive  data 
gathering  from  CEPT  countries,  performed  by  ERO 
(European  Radiocommunications  Office  of  the  CEPT), 
and  by  advanced  computing  support  of  the  planning 
provided  by  EBU  and  ERO.  The  plannig  process  took 
into  account  also  protection  of  services  other  than 
broadcasting  from  the  T-DAB  networks  and  T-DAB 
networks  from  other  services.  The  amount  of  other 
services  exceeded  90  thousand  records. 

The  CEPT  T-DAB  Plan  is  now  maintained  by  the  ERO. 
The  maintenance  process  is  based  on  Circular  letters 
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which  are  being  sent  by  ERO  to  notify  CEPT 
administrations  about  intended  modifications  such  as 
change  in  allotment  parameters  or  conversion  of  an 
allotment  into  an  assignment.  So  far  more  than  50 
Circular  letters  have  been  sent  out  and  as  of  today  the 
CEPT  T-DAB  Plan  contains  more  than  60  co-ordinated 
or  proposed  assignments  and  800  allotments. 


2.2  Chester  1997 

The  situation  in  the  television  broadcasting  Is  different-  It 
is  assumed  that,  In  the  initial  phase,  DVB-T  will  be 
introduced  on  the  basis  of  conversion  of  analogue 
assignments  co-ordinated  under  the  Stockholm  61  Plan 
to  digital  and  by  inserting  new  assignments  in  this  Plan 
rather  than  by  the  means  of  massive  network  re¬ 
planning. 

In  order  to  facilitate  this  process  the  Multilateral  Co¬ 
ordination  CEPT  Meeting  was  held  at  Chester  in 
summer  1997.  This  meeting  worked  out  the  concept  of  a 
reference  situation  which  consists  of  the  database  of 
values,  such  as  protected  field  strength,  characterising 
the  situation  in  so-called  test  points.  Typically  36  test 
points  is  associated  with  one  analogue  transmitter.  The 
procedure  of  conversion  of  an  analogue  transmitter  into 
digital  or  introduction  of  a  new  digital  transmitter  is  then 
based  on  assessing  the  influence  of  this  change  on  the 
reference  situation. 

In  order  to  generate  the  reference  situation  it  was 
necessary  to  compile  the  database  of  operating  co¬ 
ordinated  transmitters  in  CEPT  countries.  Although  the 
Stockholm  61  Plan  maintained  in  ITU  gave  a  good  start 
to  this  compilation  a  great  majority  of  CEPT  countries 
opted  for  supplying  new  and  more  complete  data  to  the 
ERO  which  is  responsible  for  the  CH97  database.  The 
reference  situation  for  about  80  thousands  television 
transmitters  was  then  calculated  by  the  EBU  and 
validated  by  ERO  software. 

3  DATA  PROCESSING  ASPECTS 

One  conclusion  from  the  facts  above  is  that  both 
processes  critically  depended  on  an  appropriate 
computer  support.  It  was  necessary  to  gather  a 
considerable  amount  of  data  and  to  achieve  quality 
results  of  calculations  based  on  this  data.  Some  key 
issues  of  this  multifaceted  task  are  touched  upon  in  this 
section. 

3.1  Objectives 

The  overall  objective  of  the  computer  support  was  to 
ensure,  throughout  the  whole  exercise,  the 

•  correctness; 

•  robustness; 

•  flexibility  and 

•  the  openness 


The  openness  and  the  transparency  of  the  process  were 
instrumental  to  the  success  of  data  gathering  and 
processing.  ERO  managed  the  very  challenging  task  of 
providing  CEPT  administrations  with  advanced  tools  for 
data  compilation,  validation  and  evaluation.  The  fact  that 
all  participants  had  the  most  advanced  tools  for  their 
disposal  and  could  cross-check  all  interim  and  final 
results  of  data  processing  done  in  EBU  and  ERO  can  be 
considered  a  great  stimulant  of  mutual  co-operation  and 
commitment  from  all  participants.  Efforts,  both  in  EBU 
and  ERO,  proved  to  be  worthwhile. 

3.2  Data  formats 

The  data  format  used  for  the  data  gathering  was  the 
most  straightforward,  fixed  length  ASCII  text  with  one 
data  record  on  each  line.  The  choice  of  such  format  was 
driven  by  the  necessity  of  a  platform  independent 
solution  which  would  be  robust  in  exchange  with 
numerous  national  databases.  The  key  requirement  was 
the  simplicity  and  clarity  of  data  format  definition  and 
ease  of  its  implementation. 

The  downside  of  this  choice  was  a  virtual  non-existence 
of  commercially  available  tools  for  management  of  data 
in  this  format.  Since  the  use  of  a  text  editor,  such  as 
Notepad,  on  files  with  a  typical  record  length  of  800 
characters  is  impracticable,  it  was  necessary  to  develop 
a  set  of  utilities  for  data  manipulation  as  a  part  of  the 
support  package. 

3.3  Supporting  software 

The  principle  desired  functions  of  the  system  were  data 
collection,  validation,  rectification  as  well  as 
presentation  of  data  and  presentation  of  results.  A  key 
part  of  the  system  functionality  was  export  and  import  of 
data  facilitating  the  communication  with  Compatibility 
Analysis  and  Plan  Synthesis  modules  developed  and 
operated  by  the  EBU. 

The  software  addresses  a  variety  of  tasks  and  has 
multiple  functions.  Generally  it  can  roughly  be  divided 
into  several  categories  as  follows: 

•  Preparation  of  data 

•  Manipulation  with  data 

•  Validation  of  data 

•  Analysis  of  data 

•  Display  of  data  and  results 

•  Compatibility  calculations 

•  Reusable  software  components 

Already  the  initial  analysis  indicated  that  the  amount  of 
software  tools  needed  to  be  developed  would  be  of  a 
considerable  proportions.  The  actual  extent  of  the 
software  then  was  even  bigger  than  expected.  However, 
the  experience  showed  that  availability  of  a  good 
supporting  software  was  crucial  to  the  overall  success. 


in  all  respects. 
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3.4  Publication  of  results 

The  openness  of  the  process  was  maintained  by  a 
frequent  publication  of  compiled  data  and  results 
obtained  in  calculations.  Two  lines  of  relevant  CD-ROM 
publications  exist  in  ERO,  DACAN  for  T-DAB  and 
COCOT  for  DVB-T.  Considerable  efforts  are  being  made 
to  supply  the  data  with  efficient  tool  for  Its  analysis. 

4  SOFTWARE  TECHNIQUES 

In  order  to  manage  such  enormous  tasks  In  given  time 
with  available  resources  (both  being  much  smaller  than 
desired)  a  number  of  advanced  software  techniques 
was  applied  such  as  object  oriented  programming, 
component  architecture  and  data  encapsulation. 

4.1  Object  oriented  programming 

A  sound  object  mode!  of  entities  described  In  data  files, 
such  as  e.g.  allotment  requirement  or  TV  transmitter, 
was  designed  for  use  throughout  the  software  code.  The 
code  itself  could  than  be  strictly  generic.  The  overhead 
of  this  abstraction  paid  off  very  quickly.  Inter  alia  it  was 
possible  to  painlessly  reflect  all  changes  in  a  data 
specification,  some  of  which  happened  in  an  advanced 
stage  of  programme  development. 

The  code  itself  was  in  C++  which  made  possible  to 
make  the  object  model  portable.  This  was  proved  when 
the  entire  project  migrated  In  1996  from  16  to  32  bit 
platform. 

4.2  Component  architecture 

Most  of  core  software  blocks  are  Implemented  as  COM 
servers.  The  decision  to  adopt  this  technology  was 
made  for  a  number  of  reasons.  From  the  point  of  view  of 
the  user  the  main  benefit  of  this  approach  is  the 
possibility  to  use  most  of  the  components  in  his  own 
software.  However,  it  should  be  noted  that  some 
programmes  on  purpose  avoid  the  use  of  components. 
The  reason  is  that  basic  utilities  must  run  without  any 
“Setup”,  e.g.  directly  from  the  CD-ROM. 

4.3  Data  encapsulation 

The  fact  that  good  calculation  software  should  work  in 
an  abstraction  from  format  of  underlying  data  is 


generally  honoured.  This  abstraction  proved  to  be  even 
more  important  In  projects  described  here.  Data  servers 
encapsulating  ASCII  files  were  Implemented  as  COM 
components.  Alternative  servers,  Implementing  identical 
Interface,  were  developed  encapsulating  a  relational 
database  with  data  converted  from  these  files  as  well. 
The  possibility  of  using  identical  programmes  with 
different  data  sources  proved  to  be  very  valuable. 

5  CONCLUSION 

Frequency  management  of  introduction  of  terrestrial 
digital  broadcasting  within  the  CEPT  is  an  extremely 
complex  issue  which  can  not  be  managed  without  an 
extensive  computer  support.  In  the  paper  Is  shown  that 
with  use  of  advanced  techniques  it  is  possible  to 
develop  and  maintain  this  support  within  a  reasonable 
short  time  period  and  with  limited  resources.  Ways  to 
maintain  the  transparency  and  openness  of  the  process 
and  at  the  same  time,  achieve  the  efficiency  necessary 
for  its  completion  are  suggested. 

The  main  lesson  learned  was  that  application  of  these 
techniques  should  not  be  compromised.  For  example 
the  overhead  of  establishing  correct  and  coherent  object 
model  Is  very  quickly  paid  off  by  the  flexibility  gained  in 
the  application  software. 
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Continuous  requirements  for  better  and  better 
frequency  spectrum  exploitation  are  even  growing 
with  introduction  of  digital  broadcasting.  The 
necessity  of  overlapping  analogue  and  digital 
services  increases  problem  dimension  and  brings 
new  requirements  to  computation  support  for  new 
services  planning  and  co-ordination. 

Two  years  ago  a  component-based  approach  for 
impiementing  partial  services  in  frequency 
spectrum  management  software  was  presented. 
Now,  after  two  years  of  using  this  technology  and 
extending  the  number  of  implemented  tasks,  we 
will  present  our  experience  in  building  large-scale 
systems  as  digital  broadcasting  planning  system 
and  microwave  planning  system. 

Fundamental  criteria  for  FSM  systems  quality  will 
be  formulated  and  applied  to  core  groups  of 
components  for  building  large  FSM  systems 


1.  Introduction 

The  following  requirements  are  critical  to 
architecture  design  and  are  measure  of  whole 
system  implementation  success 

flexibility  -  system  should  be  easily  modified  to 
track  algorithm  changes  and  upgrades 

adaptability  -  new  data  (more  precise  DTM  and 
morphology  data  in  different  formats)  should  be 
easily  implemented  into  systems 

extensibility  -  system  should  expect  introducing 
of  new  co-ordination  procedures,  new  data 
exchange  formats  (ERO,  ITU) 


reusability  -  component  should  be  reused 
between  different  systems  (broadcasting, 
microwave  planning,...)  to  avoid  re-inventing 
wheel  effect 

scalability  to  allow  optimum  hardware  usage  and 
tune  system  performance  for  very  large  scale 
computational  tasks  and/or  for  multi-user  operation 

robustness  -  long  term  rapid  development  while 
keeping  systems  stable  and  robust,  extending 
system  while  in  continuous  usage. 

In  the  next  section,  components  and  component 
groups  following  these  requirements  will  be 
presented. 


2.  Components  for  FSM  systems 

From  the  client  side  view,  component  can  be 
considered  as  black  box,  implementing  certain 
functionality  on  some  inputs.  Such  a  component 
can  serve  for  multiple  clients  -  other  components 
or  client  applications. 

From  design  point  of  view,  component  hides  the 
complexity  of  its  functionality  implementation. 
Component  is  a  runtime  object,  upgrading 
components  can  be  performed  without  whole 
system  recompilation  in  contrast  to  library  oriented 
systems. 

Components  are  programming  language 
independent,  different  languages  may  be  used  for 
implementing  different  functionality  (user  interface 
vs.  math  oriented  procedures),  component 
functionality  is  also  accessible  from  popular 
scripting  languages  being  a  part  of  operating 
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system  (MS  Scripting  Engine)  or  widely  spread 
software  (MS  Office). 

Rich  set  of  components  implementing  common 
tasks  as  DIM  data  access,  radiocommunication 
object  access,  standard  propagation  algorithms 
and  visualization  tools  are  good  background  for 
new  algorithm  development  and  testing  on  real 
sets  of  data. 


Components  for  FSM  systems  can  be  divided  into 
several  groups,  covering  different  functionality: 


2.1  DTM  Components 

These  components  are  operating  on  DTM  and 
morphology  data  sources  (usually  databases  or 
binary  files)  and  provides  services  like  GetPoint, 
GetProfile  and  GetRectangle. 


installable 


Client 

Client 

Application 

Component 

Fig.  1  -  DTM  Components  Architecture 


DTM  Manager  object  is  the  main  entry  point  and 
allows  system  extensions  by  adding  of  further 
DTM  servers  build  on  different  data  sources.  Such 
extension  can  be  performed  by  simple  installation 
of  new  server  into  existing  system.  This  way,  new 
DTM  data  can  be  introduced  into  large  system 
without  modifying  the  whole  system.  Installable 
components  are  shown  id  dashed  frame. 

2.2  Computational  Components 

Computational  components  contains  the 
implementation  of  algorithms  commonly  used  in 
all  radiocommunication  systems.  These  algorithms 
use  DTM  component  to  query  terrain  data  and 
works  on  databases  containing  some  important 
constants,  propagation  curve  samples  etc. 
Implemented  functionality  covers  profile  statistics 
(effective  height,  roughness,...),  propagation 
curves,  field  strength  evaluation  and  propagation 
attenuations.  The  functionality  of  RA  Manager  is 


similar  to  DTM  components,  result  architecture 
allows  installation  of  additional  computational 
components  like  new  propagation  models  into 
existing  system. 


installable 


Fig.  2  -  RA  Components  Architecture 


2.3  Visualization  Components 

This  group  of  components  is  used  to  display  path 
profiles,  radiocommunication  objects  (transmitters, 
hops,...)  and  computation  results  (testpoints, 
visibility  diagrams,  field  strength  diagrams,  raster 
criteria  on  raster  or  vector  maps. 


. 
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Server 

DTM  Map 
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GIS  Map 
Server 
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f  ^ 
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Vis  Manager  | 
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Client 

Client 

Annlinatinn 

Component 

Fig.  3  -  Visualisation  Components  Architecture 

Three  main  components  are  used  for  visualization 
of  common  situations:  Profile  for  path  profile 
visualization,  DTM  map  without  map  precise  XY 
projection  for  preview  and  more  schematic  outputs 
and  GIS  (Geographical  Information  System)  map, 
contain  GIS  engine  for  displaying  requested  output 
on  standard  map  data  sources  as  digitised 
topographic  maps  or  vector  maps.  Embedded  GIS 
is  capable  of  using  map  data  in  standard  formats. 
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Vis  Manager  is  component  for  controlling  creation 
of  instances  and  provides  support  for  comparative 
schemes  allowing  sending  output  to  appropriate 
(or  new)  instance  of  requested  map. 

2.4  Data  Access  Components 
These  components  are  more  specific  to  particular 
radiocommunication  service.  Data  access 
components  encapsulates  database  operations  on 
certain  data  source  (file  database,  SQL  database 
engine)  and  exposes  its  functionality  on 
radiocommunication  data  object  (transmitter  object 
for  broadcasting  systems,  microwave  object  for 
hop  representation).  Advanced  data  container 
techniques  were  implemented  to  allow  client 
application  to  operate  on  multiple  databases  and 
to  support  collaboration  and  data  exchange 
between  multiple  users  of  system.  Block 
architecture  of  data  access  components  is  shown 
on  following  picture. 


Fig.  4  -  Data  Components  Architecture 

Data  container  -  data  server  together  with  data 
storage  -  is  server  component  providing  data 
access  oriented  services  on  one  type  of  data 
source.  Data  manager  implements  the  same 
functionality  but  on  virtual  database  consisting  of 
data  from  all  connected  data  containers.  Data 
access  requests  are  redirected  to  target  container 
(Load)  or  compiled  from  all  active  data  containers 
(Query).  Ul  Services  component  implements 
standard  database  functionality  dialogs  for  data 
browsing,  editing,  querying  and  selecting  for  use  in 
client  systems. 

This  architecture  is  prepared  for  easy 
implementation  of  import/export  from/to  any  new 
data  exchange  format  simply  by  creating  data 
server  operating  on  new  data  storage.  Container 
copy  operations  in  Ul  services  will  cover  all 
necessary  interfaces  for  data  transfer  between 
external  source  and  other  data  containers. 


3.  Large  System  Architecture 

Component  reusability  can  be  demonstrated  on 
principal  architecture  of  two  large  systems  - 
system  for  Single  Frequency  Network  Planning 
designed  for  coverage  and  interference 
calculations  for  TV,  FM,  T-DAB  and  DVB-T 
systems  and  microwave  system  covering  hop 
design,  quality  computation  and  interference 
computations. 

3. 1  DVB  Planning  System 


3.2  Microwave  Planning  System 
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Microsoft  Office  Components  are  used  in  both 
systems  as  reporting  engine.  This  way  of  solving 
report  system  is  very  flexible,  report  templates  are 
simple  Excel  templates  and  can  be  easily  modified 
by  user. 

4.  Conclusion 

The  goal  of  this  paper  is  to  demonstrate  some 
results  of  two  year  of  using  component-based 
approach  in  building  large  FSM  systems.  In 
addition  a  poster  session  is  scheduled  to  present 
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more  detail  information  together  with  real  system 
functionality  demonstration. 
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1.  The  Vienna  Agreement  -  historical  background 

In  preamble  of  the  first  signed  Vienna  Agree¬ 
ment  '93  -  VA  '93  (Vienna,  December  3^^-1993)  it  is 
stated:  The  representatives  of  the  telecommunications 
authorities  of  Belgium,  the  Federal  Republic  of  Ger¬ 
many,  France,  Italy,  Croatia,  Luxembourg,  the  Nether¬ 
lands,  Austria,  Poland,  Switzerland,  the  Slovak  Repub¬ 
lic,  Slovenia,  the  Czech  Republic  and  Hungary  have 
concluded  the  present  Agreement,  under  Article  7-of 
Radio  Regulations,  on  co-ordination  of  frequencies 
between  29, 7  MHz  and  900  MHz  for  the  purposes  of 
preventing  mutual  harmful  interference  to  the  fixed  and 
land  mobile  services  and  optimising  the  use  of  the  fre¬ 
quency  spectrum  above  all  on  the  basis  of  mutual 
agreements,, . 

The  VA93  contains  provisions  on  administra¬ 
tive  and  technical  procedures.  It  defines  different  fre¬ 
quency  categories  (e.  g.  preferential  frequencies,  fre¬ 
quencies  of  geographical  network  plans)  which  fre¬ 
quencies  have  to  be  co-ordinated,  and  procedures  to  be 
applied  for  co-ordination  (including  the  data  exchange 
format  and  timing). 

The  technical  procedures  describe  the  calcula¬ 
tion  methods  determining  the  interfering  field  strength 
and  the  permissible  interference  field  strength  in  the 
different  frequency  bands.  The  applied  technical  tools 
are  described  in  the  7  Annexes  of  VA’93. 

Fulfilling  the  technical  provisions  of  the  an¬ 
nexes,  the  signatory  countries  decided  to  develop  a 
common  computer  program  based  on  the  Annexes  of 
VA93.  This  software  is  called  Harmonised  Calculation 
Method  (HCM).  The  program  was  developed  and  ap¬ 
proved  in  1996.  For  calculations  it  applies  terrain  data. 
The  project  team  (PT-HCM)  developed  a  storage- 
format  for  terrain  data,  which  is  based  on  the  geo¬ 
graphical  coordinates  in  WGS-84  geodetic  system. 

To  get  the  same  results  of  calculations  made  by 
different  groups,  it  is  necessary  to  use  the  same  data¬ 
bases,  For  this  reason  a  method  for  mutual  exchange  of 


terrain  data  was  developed.  The  HCM  software  is  al¬ 
ready  available  in  the  ITU-R  software  catalogue. 

After  successful  completion  of  first  phase  - 
developing  the  HCM  for  mobile  services  -  it  was  de¬ 
cided  to  extend  the  method  to  cover  the  fixed  services 
till  43,5  GHz  and  the  mobile  services  for  the  bands 
around  1  800  MHz.  As  a  second  phase,  at  the  end 
of  1 996  (Mainz)  and  start  of  the  year  1 997  (Prague),  the 
project  Team  of  the  Vienna  Agreement  carried  on  its 
work  under  name  Technical  Working  Group  Harmo¬ 
nised  Calculation  Methods  (TWG-HCM).  For  managing 
a  great  deal  of  availed  (but  also  un-availed)  work,  its 
organisation  was  divided  into  two  sub-working  groups 
in  accordance  with  purpose  of  VA  namely  to  Sub¬ 
working  group  for  mobile  service  (SWG-MS)  and  Sub¬ 
working  group  for  fixed  service  (SWG-FS). 

The  detailed  tasks  for  mobile  and  fixed  serv¬ 
ices  were: 

-  to  provide  standardised  calculation  methods, 

-  to  develop  unified  co-ordination  procedures, 

-  to  develop  standardised  calculation  programs, 

-  to  revise  documentation  of  the  Vienna  Agree¬ 
ment  ’93  and  prepare  its  new  improved  version. 

2.  Standardised  calculation  methods 

It  should  be  mentioned  that  there  are  other 
organisations  working  on  developing  generally  valid 
calculation  methods,  e.  g.  ITU-R,  CEPT-ERC.  The 
expert’s  work  speciality  in  frame  of  TWG-HCM  is,  that 
on  the  basis  of  knowledge  of  generally  accepted  calcu¬ 
lation  methods,  their  own  experimental  works,  or  works 
and  experiences  in  certain  countries  respectively,  the 
experts  are  searching  for  common  solution  of  problems, 
which  would  be  acceptable  in  all  countries,  having 
signed  VA.  It  appeared  that  the  methods  of  field 
strength  calculation,  used  in  VA’93  were  granted  to 
upper  limit  of  frequency  interval  -to  960  MHz.  But  the 
general  developmental  trend  of  VA  was  to  expand  the 
frequency  interval  up  to  43,5  GHz,  in  particular  for 
fixed  services.  However,  the  projecting  and  planning  of 
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fixed  services  follows  different  principles  and  rules 
comparing  with  mobile  services.  First  of  all,  there  are 
power  output  ratio  and  calculation  of  transmission  loss 
instead  of  field  strength  calculation  and  voltage  depend¬ 
ent  quantities,  which  are  typical  for  mobile  services. 
Approximately  after  3  years  work  we  are  able  to  char¬ 
acterise  the  results  as  follows. 


2.1  Mobile  service  -  field  strength  calculation 

This  part  was  already  quite  well  solved  in 
VA’93.  Basic  tool  for  such  activity  was  set  of  propaga¬ 
tion  curves  (a  functional  dependence  of  field  strength 
on  distance  from  transmitter  with  effective  height  of 
transmitter  antenna  as  parameter)  from  30  to  300  and 
450  to  1000  MHz  -  see  Fig.  1 . 


JFrcquk^A':  450-1 000  MMz  (Bands  lYaiitl  V);  land;  S0$o  of  the  time; 
r . .  50%  of  the  locations:  » !0  m;  4/1 = 50  m 


Fig.  1 

A-propos  -  propagation  curves.  It  is  a  problem  for  more 
detailed  discussion.  There  are  just  sketches  of  some 
partial  questions: 

1 .  The  propagation  curves,  as  they  were  used  in  VA, 
were  basically  achieved  through  experiments  for 
purposes  and  conditions  of  broadcasting.  For  these 
services  there  was  (and  still  is)  typical,  that  trans¬ 
mitting  antennae  are  installed  on  the  terrain  domi¬ 
nants  (to  obtain  the  largest  area  covering  by  sig¬ 
nals).  That’s  why  the  curves  were  compiled  for  ef¬ 
fective  transmitter  antenna  high  more  than  37,5  m 
and  for  flat  terrain.  Moreover,  the  measurements 
were  made  in  condition  of  West  Europe. 


2.  The  secondary  source  of  propagation  curves  set, 
experimentally  achieved,  are  works  by  Japanese 
authors.  These  curves  have  been  already  designed 
for  mobile  services,  but  their  basic  environment  are 
conditions  Japanese  cities,  with  natural  conditions 
for  wave  propagation  totally  different  from  condi¬ 
tions  in  West  Europe. 

3.  There  is  a  principle  question,  if  there  is  some  cor¬ 
relation  between  these  sets  of  curves,  to  make  pos¬ 
sible  to  unequivocally  define  the  curves.  It  has  been 
decided  to  use  the  set  of  curves  published  in  ITU-R, 
Rec.  370-7  also  for  mobile  service. 

However,  with  developing  of  new  services, 
above  all  the  systems  DCS  1800,  a  principle  problem 
has  been  opened:  which  set  of  propagation  curves  will 
be  used  for  planning  and  co-ordination  of  mobile  serv¬ 
ices  in  frequency  band  over  1  GHz?  Sets  of  propagation 
curves  over  1  GHz  are  world-wide  not  enough  repre¬ 
sented.  As  author  knows,  some  special  experimentally 
processed  propagation  curves  exist  for  frequency  bands 
1600  MHz  and  3  GHz  (Japanese  authors).  In  context 
with  this  one  interesting  idea  occurred:  isn  V  there  some 
generally  valid  theorem  (functional  dependence)  de¬ 
rived  from  known  sets  of  propagation  curves  in  lower 
frequency  bands,  which  would  be  able  to  predict  or 
extrapolate  the  values  of  the  field  strength  in  higher 
frequency  bands? 

In  effort  to  find  such  correction  factor,  author 
realised  extensive  analysis  of  all  existing  propagation 
curves.  Unfortunately,  no  unequivocal,  even,  monoto¬ 
nous,  linear  dependence  has  been  found,  which  would 
enable  to  predict  the  field  strength  in  higher  frequency 
bands.  The  question  of  appropriate  set  of  curves  over 
1  GHz  is  still  open  for  the  future. 

The  positive  state  is,  that  (except  of  small  con¬ 
ception  details)  already  processed,  improved  and  by  all 
delegations  acceptable  algorithm  of  calculation  of  the 
field  strength  exists,  which  added  (propagation  curves) 
these  correction  factors  to  basic  tools: 

-  terrain  irregularity  A  h, 

-  terrain  clearance  angle, 

-  correction  factor  for  frequencies  in  900  and  1800 
MHz  bands, 

-  antenna  diagram, 

-  knife  edge  diffraction  loss. 

2.2  Fixed  service  -  calculation  of  transmission  loss 

The  basic  aim  of  fixed  service  frequency  planning 
is  the  choice,  or  frequency  allotment  respectively  of 
radio  relay  link  operation,  in  such  a  way  that: 

-  this  link  was  interference  free,  or 

-  the  interference  level  does  not  affected  a  link  qual¬ 
ity. 

As  a  first  step  in  frequency  co-ordination  of  fixed 
service  links  in  frame  of  Vienna  Agreement,  different 
possible  interference  criteria  were  presented.  In  order  to 
facilitate  comparison  between  them,  a  definition  of 
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relevant  parameters  was  pecised.  At  this  stage,  four 
possibilities  exist: 

~  minimum  C/I, 

-  maximum  threshold  degradation  (TD);  this  crite¬ 
rion  can  be  based  on  two  sources  (T/I  curves  or 
noise  of  receiver); 

-  maximum  permissible  interfering  I  level; 

-  minimum  [C-(N+1)]  under  fading  conditions. 


C  (dBm): 


I  (dBm): 
Co  (dBm): 


C,  (dBm): 


TD  ==  C,  - 
Co{dB) 


M  =  C-  Co 
(dB): 


N+I  (dBm) 


receiver  carrier  level  at  the  input  of  re¬ 
ceiver  ;  this  value  depends  on  link  design 
and  is  set  by  operator  of  tiie  link.  It  can¬ 
not  exceed  maximum  admissible  level 
(or  blocking  level). 

level  of  interfering  signal  at  the  input  of 
the  receiver, 

receiver  threshold  level  at  the  input  of 
the  receiver  for  given  Bit  Error  Rate 
(BER);  this  value  characterises  the  sen¬ 
sitivity  of  the  receiver  and  depends  on 
the  technology,  the  selection  of  the  BER 
(10‘\  l0‘^  10'^  etc...)  being  made  by  the 
operator. 

receiver  threshold  level  in  an  interfering 
environment  at  the  input  of  the  re¬ 
ceiver  for  given  Bit  Error  Rate  (BER). 
threshold  degradation  due  to  the  inter- 
ferer.  This  value  can  be  assessed  to  be 
identical  to  the  increase  of  noise  at  the 
receiver  input;  it  can  also  be  elaborated 
more  precisely  by  measurement 
fading  margin  of  the  link;  this  value 
depends  on  the  link  design  chosen  by  the 
operator.  This  value  is  the  key  value  to 
meet  the  operator’s  quality  and  avail¬ 
ability  objectives,  related  to  a  selected 
BER. 

aggregated  power  level  of  thennal  noise 
with  interferer  in  the  receiver  bandwidth 


The  parameters  to  be  protected  in  the  co-ordination 
process  are: 

-  quality  and 

-  availability  objectives  of  the  link. 

Those  parameters  are  protected  when  the  fading  mar¬ 
gin  is  protected.  Thus  the  fading  margin,  whatever  the 
value,  is  the  key  value  for  protection  in  an  interfering 
environment. 

As  a  result  of  the  comparison  of  possible  criteria  for 
the  interference  calculations  there  was  concluded  that 
the  Threshold  Degradation  (TD)  is  the  preferred  crite¬ 
rion  for  the  Vienna  Agreement 

The  elementary  TD  is  the  degradation  caused  by  one 
interferer  on  a  victim  receiver. 

The  technical  data  necessary  for  the  calculation  of 
different  intermediate  parameters  and  finally  the  inter¬ 
fering  signal  level  I  at  the  input  of  an  interfered  receiver 
are  listed  in  the  Annex  to  Chapter  9  of  Vienna  Agree¬ 
ment.  Ail  those  parameters  should  be  a  part  of  the  data 


being  exchanged  between  the  Administrations.  Here  it 
is  made  only  a  draft  of  interference  level  I  calculation  at 
the  receiver  input  at  the  station  and  the  TD  calculation: 

Interference  level  (I)  at  the  receiver  input  of  the 
station  can  be  determined  as: 

I  =  Pt,  -  a,„,  [dBm] 

where 

[dB]  is  a  total  attenuation  between  transmitter  out¬ 
put  (point  A')  and  receiver  input  (point  A) 

~  ^Tx  ^prop  “^Rx  ^Rx  MFD  ATPC 

where 

^prop  a  propagation  attenuation  between  antennas 

[dB]  is  the  attenuation  which  is  a  function  of  both 
antenna  radiation  patterns  and  polarisation  discrimina¬ 
tion 

NFD  [dB]  is  Net  Filter  Discrimination 

ATPC  [dB]  is  the  dynamic  range  of  the  automatic 

transmitter  power  control  (when  applicable). 


Threshold  Degradation  Calculation 


Input: 

elementary  value  I  (dB  or  dBm),  inter¬ 
fering  power  level  at  the  receiver  input 
coming  from  one  identified  interfering 
source. 

Necessary 

data: 

FkTB  or  N  (dBW  or  dBm):  noise  level 
in  the  interfered  receiver  bandwidth. 

Calculation 
TD  (dB): 

TD  (dB),  threshold  degradation  of  the 
interfered  receiver 

TD  =10  log  (1+10 

The  question  was  to  find  a  solution  concerning  the 
sharing  of  the  1  dB  aggregated  threshold  degradation 
affecting  a  fixed  link  receiver  and  due  to  multiple  for¬ 
eign  links.  It  was  proposed  that  the  individual  TD  af¬ 
fecting  a  receiver  and  due  to  foreign  link  must  not  ex¬ 
ceed  0.1  dB.  By  this  way,  within  the  I  dB  maximum 
aggregated  TD  criterion  it  would  be  possible  to  cope 
with  different  foreign  interfering  sources. 

It  appeares  that: 

-  1  dB  is  a  small  value  that  can  be  too  restrictive; 

-  10  different  interfering  sources  is  probably  a  too 
big  number,  5  are  more  realistic. 

It  was  decided  to  forget  the  criterion  of  1  dB  max  ag¬ 
gregated  TD  and  to  replace  it  by  0.2  dB  maximum  indi¬ 
vidual  TD  by  any  foreign  source. 

Therefore,  the  criterion  of  interference  between 
fixed  links  to  be  used  in  the  Vienna  Agreement  co¬ 
ordination  process  becomes: 

maximum  individual  TD  <  or  =  0.2  dB 

3.  Unified  co-ordination  procedures 

Demands  on  intensive  availing  of  frequencies 
lead  several  times  to  frequency  assignments  in  frame  of 
one  service,  but  also  to  common  availing  at  frequency 
bands  with  different  services. 


731 


To  secure  the  work  of  radio-communication  devices, 
it  is  necessary  to  predicate  possible  interferencies  of  the 
new  frequency  assignment  with  those,  which  already 
exist,  before  definitive  allotment  of  the  new  frequency. 
This  process  is  called  frequency  co-ordination.  Fre¬ 
quency  co-ordination  for  the  new  frequency  assignment 
runs  in  several  levels: 

-  inner-system  co-ordination,  in  frame  of  one  kind  of 
service, 

“  inter-system  co-ordination,  the  co-ordination  be¬ 
tween  different  kinds  of  services  in  case  of  common 
used  frequency  bands, 

-  in  state  co-ordination, 

-  international  co-ordination. 

The  main  attention  of  VA  is  paid  to  interna¬ 
tional  co-ordination.  This  process  is  essential  by  those 
situations,  when  new  frequency  assignment  is  realised 
in  that  frequency  bands  in  which  electromagnetic  waves 
are  propagated  on  long  distances,  or  is  realised  near  to 
the  country  border.  Those  situations  can  lead  to  harmful 
interference  of  radio  devices  not  just  on  the  land  of 
neighbouring  countries,  but  also  on  the  land  of  other 
countries.  That’s  why  the  international  co-ordination  is 
essential.  Rules  and  procedure  for  the  international  co¬ 
ordination  are  described  in  the  Radio  Regulations.  Any 
administration,  which  realizes  the  new  frequency  as¬ 
signment,  requests  the  administration  of  the  country, 
which  could  be  affected  by  interference  for  its  state¬ 
ment.  It  is  necessary  to  include  the  planning  criteria  as 
well  as  the  following  data  in  the  request  to  the  co¬ 
ordination: 

“  planned  frequencies  (transmitting  and  receiving 
frequency  of  the  station), 

-  coverage  area  of  the  entire  Radiocommunications 
network, 

-  class  of  the  station, 

-  coverage  area  of  the  station, 
effective  radiated  power, 

-  maximum  effective  antenna  height, 

-  designation  of  the  emission, 

-  network  development  plan, 

-  antenna  patterns  for  stations  belonging  to  the  net¬ 
work. 

As  it  can  be  seen,  for  the  first  fixing  of  range  of  co¬ 
ordination  the  co-ordination  area  is  used  Its  distance 
from  co-ordinated  frequency  assignment  determines  this 
area.  Co-ordination  distance  determines  the  border  of 
interfering  -  no  services  are  affected  by  this  new  fre¬ 
quency  and  this  frequency  is  not  affected  by  these  ex¬ 
isting  services. 

The  co-ordination  distance  is  calculated  with  real 
technical  parameters  of  investigated  frequency  assign¬ 
ments  and  technical  parameters  of  already  realised  tech¬ 
nical  assignments.  This  gives  a  maximal  possible  co¬ 
ordination  area.  Co-ordinating  distance  determines  the 
set  of  possible  frequency  assignments  (radiocommuni¬ 
cation  devices),  which  have  to  be  verified  from  the 
point  of  view  of  interference. 


The  co-ordination  procedure  in  both  types  of  serv¬ 
ices  is  in  VA  defined  by  this  way: 

-  In  case  of  mobile  services  a  transmitting  frequency 
shall  be  co-ordinated  if  the  transmitter  produces  a 
field  strength,  at  a  border  of  the  country  of  the  ad¬ 
ministration  affected,  which  at  a  height  of  10  m 
above  ground  level  exceeds  the  maximum  permis¬ 
sible  interference  field  strength  (defined  in  Annex  1 
of  VA).  A  receiving  frequency  shall  be  co-ordinated 
if  the  receiver  requires  protection. 

-  Radio-relay  links  in  the  fixed  service  shall  be  co¬ 
ordinated  if  at  least  one  station  is  located  within  the 
co-ordination  zone  or  if  at  least  one  station  which 
can  cause  harmful  interference  or  required  protec¬ 
tion  even  when  situated  outside  the  co-ordination 
zone  (described  in  Annex  11  of  VA).  In  this  case 
the  co-ordination  procedure  is  only  valid  if  in  both 
countries  involved  in  the  co-ordination  process  the 
respective  frequency  band  is  allocated  to  the  fixed 
service  and  the  respective  frequency  falls  under  the 
responsibility  of  the  signatory  Administrations. 

4-  Development  of  standardised  calculation  pro¬ 
grams 

It  has  to  be  noted  that  at  present  two  different  states 
of  computer  programs  HCM  exist: 

1 .  For  mobile  service,  which  is  completed  and  tested 
by  some  Administrations, 

2.  For  fixed  service,  for  which  developing  a  special 
group  of  experts  has  started  its  work. 

The  Harmonised  Calculation  Method  for  Mobile 
Service  (HCM-MS)  is  a  part  of  the  Vienna  Agreement 
’99.  In  this  document  the  abbreviation  VA’99  is  used  to 
Vienna  Agreement  1999.  Also,  the  relevant  CEPT  Rec¬ 
ommendations  for  services  (not  noted  in  the  VA  99)  are 
included  in  HCM-MS,  as  agreed  by  all  Signatories.  The 
HCM-MS  subroutine  performs  calculation  from 
a  transmitting  station  to  a  receiving  station  or  from 
a  transmitting  station  to  a  co-ordination  line.  HCM-MS 
subroutine  runs  with  input  and  output  data,  which  are 
defined  in  an  interface.  Input  values  (transmitting  pa¬ 
rameters,  receiving  parameters  or  data  for  line  selection 
and  additional  information)  are  mandatory  and  have  to 
be  provided  by  the  surrounding  program.  This  program 
uses  three  main  subroutines: 

calculation  of  the  field  strength, 

calculation  of  the  permissible  interference  field 

strength, 

calculation  of  the  maximum  field  strength  on  a 
coordination  line. 

The  current  language  for  programming  was  chosen 
to  be  usable  on  different  platforms  (DOS,  Windows, 
Unix,  ..,).  At  this  time,  there  are  more  accurate  lan¬ 
guages  to  program.  But  from  the  point  of  view  of  many 
Administrations  of  VA’99  there  is  a  need  to  have  only 
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one  language.  There  are  three  possibilities  to  deal  with 
this  problem: 

to  have  a  program  in  Fortran, 
to  have  a  DLL, 
to  have  both. 

If  the  program  is  written  in  Fortran,  it  will  be  neces¬ 
sary  to  modify  the  surrounding  program  for  each  new 
version,  a  DLL  will  only  run  under  Windows,  With 
both  programs  all  cases  be  covered.  As  all  Administra¬ 
tions  present  the  using  of  Windows,  SWG-MS  decided 
to  exchange  the  program  as  a  DLL  file  together  with  the 
source  code. 

The  Harmonised  Calculation  Method  for  Fixed 
Service  (HCM-FS)  is  in  position  of  beginning  its  work. 
It  was  decided  that  its  two  tasks  to  be  performed  should 
be: 


definition  of  a  module  calculating  the  compatibility 
between  new  stations  and  existing  stations, 
definition  of  a  module  for  evaluating  the  trigger  for 
co-ordination. 

A  special  problem  for  both  types  of  services  is  a 
morphological  database  used  by  the  HCM  software. 
Knowing  that: 

for  the  fixed  services  information  is  required  if  the 
area  is:  sea,  coastal  area,  or  normal  land 
and  for  the  mobile  service  information  is  required  if 
the  area  is: 

•  land 

•  or  sea 

and  additionally  for  both  services  further  informa¬ 
tion  is  useful  about  the  height  of  the  morphological 
surface  (height  of  trees  or  buildings), 

There  is  a  proposal  to  create  a  morphological  data¬ 
base  according  to  the  following  description: 

A  raster  database  with  the  same  grid  and  structure 
as  the  terrain  height  database, 

Each  entry  consists  of  two  bytes,  one  for  the  pre¬ 
dominant  height  of  the  surface  (trees,  buildings) 
and  one  for  the  class  of  the  morphology. 

The  class  of  morphology  consists  of  one  byte. 
Therefore  8  different  classes  (bits)  are  possible.  For  the 
fixed  service  only  three  classes  are  required,  for  the 
mobile  service  only  two  classes  are  required.  But  it  is 
useful  to  define  all  8  classes  as  early  as  possible  to 
avoid  later  modifications.  A  set  of  the  8  possible  infor¬ 
mation  bits  should  be  as  follows: 

-  all  bits  are  0  normal  land 

-  bit  0  is  1  sea,  ocean 

-  bit  1  is  I  small  lake,  river, 

and  small  portions  of  water  (no  sea,  no  ocean!) 

-  bit  2  is  1  coastal  area 

-  bit  3  is  1  villages,  towns 

(buildings) 

-  bit  4  is  1  trees 

-  bits  5  to  7  for  future  use 

Note:  For  the  HCM  software  only  the  first  4  items  have 
been  required  till  now! 


In  general,  a  morphological  database  is  not  required  for 
all  countries  applying  the  HCM  software.  If  there  is  no 
sea  or  coastal  area  (e.g.  Austria,  Slovakia),  the  use  of  a 
morphological  database  is  not  mandatory.Therefore  the 
HCM  software  has  to  define  default  values  for  the  ab¬ 
sence  of  that  database.  The  proposal  is:  The  default 
class  of  morphology  is  normal  land  and  the  default 
(additional)  height  of  the  morphology  is  10  m. 

Taking  into  accounts  these  definitions,  it  is  up 
to  bilateral  agreements  to  use  a  morphological  database 
or  not. 

5.  Summary 

The  article  deals  with  present  situation  of  preparing 
for  signing  international  agreement  *-  Vienna  Agree¬ 
ment  ’99.  As  this  document  contains  many  technical, 
legislative,  administrative  etc.  problems,  only  a  sketch 
of  technical  tasks  is  discussed  in  it.  In  conclusion  some 
open  items  have  to  be  mentioned: 

For  SWG-MS  there  are  e.  g.: 

Processing,  making  algorithms  and  interpolating  of 
propagation  curves  for  distances  from  1  to  10  km, 
for  effective  heights  of  transmitting  antenna  below 
37,5  m  (to  1  m,  or  0  m  respectively)  and  for  re¬ 
ceiving  antenna  heights  less  then  10  m. 

A  need  to  implement  new  curves  for  digital  system, 
as  it  was  stated  from  increase  of  permitted  interfer¬ 
ence  field  strength  for  TETRA  networks  based  on 
measurements  made  for  analogue  and  digital  sys¬ 
tems. 

For  SWG-FS  there  are  e.  g.: 

Types  of  service:  Inter-service  co-ordination  be¬ 
tween  different  types  of  services;  they  are  co¬ 
ordination  of  FS  against  radars,  co-ordination  of 
MS  against  FS  and  co-ordination  of  FS  against  MS. 
Interference  criteria  for  FS  (short  term  interfer¬ 
ence). 

Passive  repeaters  (case  of  mirrors,  ...). 

PoinFto-  multipoint  systems. 
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1  INTRODUCTION 

The  future  development  of  communications  is 
conditioned,  to  a  substantial  degree,  by  quality  of 
frequency  spectrum  management  (FSM).  The 
transition  from  analogue  to  digital  communications 
techniques  adds  another  dimension  to  the 
importance  of  FSM,  be  it  national  or  international. 
At  present  FSM  depends  very  much  on  an 
intensive  use  of  computer  technology,  specialised 
software  and  advanced  data  utilisation.  The  main 
topic  of  this  presentation  is  the  international 
exchange  of  data  in  the  FSM  process  in  European 
Region. 

2  INTERNATIONAL  CO-ORDINATION 
PROCEDURES 

In  planning  radiocommunication  services,  most 
cases  require,  pursuing  the  provisions  of  Radio 
Regulations,  international  co-ordination.  The  way 
and  scope  of  such  co-ordination  is  specific  for  each 
service.  International  co-ordination  is  used  to  be 
performed  mainly  on  a  bilateral  basis,  involving 
administrations  which  are  concerned.  After  the  co¬ 
ordination  process  had  been  finalised,  its  results 
are  reported  to  the  relevant  international  body 
responsible  for  keeping  file  on  utilisation  of  the 
frequency  spectrum  in  the  given  band.  (  so  called 
notification  ).  As  for  computer  support,  all  the 
above  steps  represent  operations  upon  databases, 
and  eventually,  synchronising  themselves. 

Following  are  descriptions  of  co-ordination 
procedures  for  individual  radiocommunication 
services. 

2.1  Broadcasting  Services 

Broadcasting  in  its  present  stage  of  development  is 
a  service  which  expands  very  dynamically.  Main 
reason  for  that  is  the  transition  to  digital 
transmission  systems.  Today,  the  experience 
shows  that  the  success  in  implementing  digital 
broadcasting  is  dependent  in  a  limiting  manner  on 
international  frequency  co-ordination.  As  for  digital 
TV  (DVB-T)  the  transition  procedure  is,  in  its 


entirety,  based  on  a  harmonised  chain  of  co¬ 
ordination  steps. 

2.1.1  Analogue  Television  and  FM  Radio 
Here  the  frequency  allocation  plan  together  with  the 
rules  for  international  co-ordination  were  adopted 
at  an  ITU  regional  conference  held  in  Stockholm  in 
1961.  The  plan  and  associated  rules  for  TV 
broadcasting  will  be  in  force  until  a  forthcoming 
competent  conference  to  be  held  presumably  in 
2005  and  which  should  actually  close  the  era  of 
analogue  TV.  At  an  ITU  regional  conference  held  in 
Geneva  in  1984,  the  allocation  plan  for  European 
FM  broadcasting  was  updated  and  the  band  used 
was  extended  up  to  108  MHz.  At  the  beginning, 
frequency  planning  was  based  on  applying  regular 
frequency  lattices  and  propagation  curves 
according  to  CCIR  Rec.370.  As  time  passed  by, 
individual  administrations  began  to  make  use,  for 
their  internal  purposes,  advanced  frequency 
planning  procedures  to  various  extents, 
interference  from  broadcasting  transmitters  was 
calculated  wherein  computer  techniques,  digital 
terrain  maps  and  various  sophisticated  models  of 
electromagnetic  wave  propagation  was  made  use 
of.  However,  no  amendments  were  made  during 
the  entire  period  to  the  co-ordination  forms  for  co¬ 
ordination  and  notification  purposes,  which  serve  to 
international  data  exchange  and  submitting 
technical  parameters  of  transmitters  to  the  ITU. 
Until  nowadays,  the  forms  have  survived  as  paper 
documents.  Fax  has  become  here  the  peak 
technical  tool  for  data  exchange.  This  makes,  on 
one  hand,  the  international  co-ordination  extremely 
inflexible,  on  the  other  hand  the  IFL  in  ITU 
Headquarters  merely  unusable.  A  number  of 
administrations  ceased  to  submit  to  the  ITU 
notifications  in  form. 

The  innovation  finally  comes  in  these  days  and  is 
twofold. 

The  first  change  is  the  transition  to  an  electronic 
form  of  the  data  submitted  to  the  ITU  for 
notification.  Radiocommunication  Bureau  is  in  the 
process  of  modernising  its  information  systems. 
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including  moving  from  the  current  Frequency 
Management  System  (FMS),  using  a  mainframe 
computer,  to  a  client-serving  configuration,  using 
PCs  and  relational  databases  under  the  Terrestrial 
Radiocommunication  System  {TerRaSys). 
Unfortunately  the  ITU  has  defined  the  data  format 
only,  vi/hile  it  has  entirely  failed  to  provide  the 
administrations  with  even  the  simplest  SW  tools  for 
editing  and  validating  of  the  data,  not  even 
mentioning  the  tools  capable  of  operations  over 
this  data  and  thus  assisting  international  co¬ 
ordination.  Despite  of  that,  this  move  undertaken 
by  the  ITU  has  to  be  praised,  and  let  us  hope  that 
as  soon  as  initial  difficulties  will  be  overcome,  the 
TerRaSys  system  will  become  an  efficient  tool  and 
a  source  of  correct  and  complete  data  over  which 
co-ordination  calculations  can  be  made. 


The  other  change  was  triggered  in  the  course  of 
the  procedure  of  implementing  digital  television 
which  started  during  the  CHESTER97  meeting. 
One  part  of  CH97  Agreement  was  the  task  to 
define,  prior  to  starting  digital  broadcasting 
planning,  a  reference  status  of  the  frequency  plan 
for  analogue  television  with  the  aim  to  protect,  to 
the  extent  necessary,  analogue  broadcastings.  As 
no  use  could  be  made  of  the  ITU  database  for  its 
incompleteness,  a  decision  was  taken  to  work  out 
a  CEPT  database.  This  task  has  been  given  to  the 
ERO  which  then  safeguarded  not  only  data  capture 
and  distribution  but  provided  the  administrations, 
on  a  CD  ROMs,  with  a  self-contained  set  of  SW 
tools  (COCOT  No.1  to  5)  for  keeping  and  utilising 
the  data.  Thanks  to  that,  analogue  television  is  the 
only  service  which  has  a  complete  and  updated 
database.  However,  with  the  calculation  of  the 
reference  status  the  task  of  ERO  wili  probably 
finish,  and  the  keeping  of  the  database  will  no  more 
be  continued. 

2. 1 .2  Digital  Television 

International  electronic  data  exchange  on  digital 
television  transmitters  has  been  worked  out  in  the 
course  of  CH97.  However,  a  couple  of  unanswered 
questions  remain  here,  too.  Out  of  them,  the  most 
important  is  where  the  common  European 
database  of  digital  television  will  be  located,  and 
who  wili  take  care  for  its  keeping  and  maintaining. 
There  are  other  contributions  in  this  Symposium 
dealing  with  planning  of  digital  television  and  radio, 
in  which  are  described  details  of  the  planning  itself. 
This  is  why  the  details  are  not  mentioned  here. 

2.1.3  Digital  Radio 

Digital  radio,  T-DAB,  involves  the  introduction  of 
a  new  system  into  frequency  bands  which  are 
already  used  by  a  number  of  other  services.  The 
rules  for  introducing  the  system,  for  frequency 
planning  ,for  data  exchange  and  for  administering 
the  T-DAB  database  have  been  agreed  at  the 


Wiesbaden  T-DAB  meeting  in  1995.  The  ERO 
safeguards  all  support  including  CD  ROMs  DACAN 
No.  1  to  7.  ERO  has  also  been  appointed  as  the 
Plan  Administrator  of  the  Wiesbaden  Plan  which 
contains  the  database  of  T-DAB  allotments  and 
assignments.  The  pace  of  implementation  in 
Europe  of  T-DAB  is  less  rapid  than  predicted. 
However,  quite  a  large  number  of  transmitters  have 
already  been  put  into  operation  or  successfully 
frequency  co-ordinated,  especially  in  Germany.  It  is 
necessary  for  co-ordination  procedures  to  be 
successful  that  the  updated  Plan  is  at  general 
disposal.  The  experience  shows  that  in  this  aspect, 
there  is  a  considerable  amount  of  spare  capacity  at 
the  Plan  Administrator. 

2.2  Mobile  and  Fixed  Services 

In  Mobile  and  Fixed  Services,  international  co¬ 
ordination  is  an  example  of  good  international  co¬ 
operation  the  basis  for  which  has  been  laid  down  in 
Vienna  in  1993  and  is  known  as  VA93.  In  1999 
a  new  agreement  VA99  was  signed  -  VA99,  by 
which  the  co-operation  is  extended  also  for  Fixed 
Services.  Data  formats  for  co-ordination  purposes 
and  for  a  common  DTM  have  been  defined  in  the 
framework  of  VA.  Calculation  methods  for  mobiles 
have  also  been  worked  out,  and  a  similar  work  is  in 
process  for  fixed  service  systems.  The  transition  to 
electronic  data  exchange  and  co-ordinations  is 
rather  prolonged  but  some  hope  exists  that  it  will 
be  brought  to  an  end  within  two  years.  VA  items 
are  discussed  in  other  Symposium  paper. 

2.3  One  remark  on  co-ordination  procedures 
itself 

When  examined  today,  the  co-ordination 
procedures  laid  down  in  the  Radio  Regulations  and 
in  final  acts  of  international  conferences  (e.g. 
Stockholm61)  are  obsolete  and  lengthy.  They  have 
been  based  on  circulation  of  paper  documentation, 
and  time  limits  for  individual  co-ordination  steps  are 
correspondingly  long  lasting.  The  conclusion  is  that 
even  an  easy  co-ordination  between  neighbouring 
countries  of  a  non-conflict  frequency  assignment 
takes  six  months  as  a  minimum.  Solutions  of  more 
complex  cases  are  prolonged  for  several  years  with 
humble  views  to  satisfactory  outcomes.  At  present, 
we  are  facing  the  commencement  of  international 
frequency  co-ordination  for  implementing  DVB-T, 
and  in  turn  it  means  that  each  and  every 
administration  will  have  to  co-ordinate  many  tens  of 
frequencies.  I  am  convinced  that  this  task  could 
hardly  be  mastered  using  existing  methods  and 
formalistic  administrative  procedures.  The  existing 
approach  would  result  in  substantial  slow-down  in 
starting  DVB-T  in  Europe.  The  only  realistic 
outcome,  in  my  opinion,  is  a  close  and  informal  co¬ 
operation  between  neighbouring  administrations, 
especially  between  their  national  bodies 
safeguarding  technical  assistance  in  co-ordination 
tasks.  The  best  approach  would  be  that  national 
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including  moving  from  the  current  Frequency 
Management  System  (FMS),  using  a  mainframe 
computer,  to  a  client-serving  configuration,  using 
PCs  and  relational  databases  under  the  Terrestrial 
Radiocommunication  System  (TerRaSys). 
Unfortunately  the  ITU  has  defined  the  data  format 
only,  while  it  has  entirely  failed  to  provide  the 
administrations  with  even  the  simplest  SW  tools  for 
editing  and  validating  of  the  data,  not  even 
mentioning  the  tools  capable  of  operations  over 
this  data  and  thus  assisting  international  co¬ 
ordination.  Despite  of  that,  this  move  undertaken 
by  the  ITU  has  to  be  praised,  and  let  us  hope  that 
as  soon  as  initial  difficulties  will  be  overcome,  the 
TerRaSys  system  will  become  an  efficient  tool  and 
a  source  of  correct  and  complete  data  over  which 
co-ordination  calculations  can  be  made. 


The  other  change  was  triggered  in  the  course  of 
the  procedure  of  implementing  digital  television 
which  started  during  the  CHESTER97  meeting. 
One  part  of  CH97  Agreement  was  the  task  to 
define,  prior  to  starting  digital  broadcasting 
planning,  a  reference  status  of  the  frequency  plan 
for  analogue  television  with  the  aim  to  protect,  to 
the  extent  necessary,  analogue  broadcastings.  As 
no  use  could  be  made  of  the  ITU  database  for  its 
incompleteness,  a  decision  was  taken  to  work  out 
a  CEPT  database.  This  task  has  been  given  to  the 
ERO  which  then  safeguarded  not  only  data  capture 
and  distribution  but  provided  the  administrations, 
on  a  CD  ROMs,  with  a  self-contained  set  of  SW 
tools  (COCOT  No.1  to  5)  for  keeping  and  utilising 
the  data.  Thanks  to  that,  analogue  television  is  the 
only  service  which  has  a  complete  and  updated 
database.  However,  with  the  calculation  of  the 
reference  status  the  task  of  ERO  will  probably 
finish,  and  the  keeping  of  the  database  will  no  more 
be  continued. 

2.1.2  Digital  Television 

International  electronic  data  exchange  on  digital 
television  transmitters  has  been  worked  out  in  the 
course  of  CH97.  However,  a  couple  of  unanswered 
questions  remain  here,  too.  Out  of  them,  the  most 
important  is  where  the  common  European 
database  of  digital  television  will  be  located,  and 
who  will  take  care  for  its  keeping  and  maintaining. 
There  are  other  contributions  in  this  Symposium 
dealing  with  planning  of  digital  television  and  radio, 
in  which  are  described  details  of  the  planning  itself. 
This  is  why  the  details  are  not  mentioned  here. 

2.1.3  Digital  Radio 

Digital  radio,  T-DAB,  involves  the  introduction  of 
a  new  system  into  frequency  bands  which  are 
already  used  by  a  number  of  other  services.  The 
rules  for  introducing  the  system,  for  frequency 
planning  .for  data  exchange  and  for  administering 
the  T-DAB  database  have  been  agreed  at  the 


Wiesbaden  T-DAB  meeting  in  1995.  The  ERO 
safeguards  all  support  including  CD  ROMs  DACAN 
No.  1  to  7.  ERO  has  also  been  appointed  as  the 
Plan  Administrator  of  the  Wiesbaden  Plan  which 
contains  the  database  of  T-DAB  allotments  and 
assignments.  The  pace  of  implementation  in 
Europe  of  T-DAB  is  less  rapid  than  predicted. 
However,  quite  a  large  number  of  transmitters  have 
already  been  put  into  operation  or  successfully 
frequency  co-ordinated,  especially  in  Germany.  It  is 
necessary  for  co-ordination  procedures  to  be 
successful  that  the  updated  Plan  is  at  general 
disposal.  The  experience  shows  that  in  this  aspect, 
there  is  a  considerable  amount  of  spare  capacity  at 
the  Plan  Administrator. 

2.2  Mobile  and  Fixed  Services 

In  Mobile  and  Fixed  Services,  international  co¬ 
ordination  is  an  example  of  good  international  co¬ 
operation  the  basis  for  which  has  been  laid  down  in 
Vienna  in  1993  and  is  known  as  VA93.  In  1999 
a  new  agreement  VA99  was  signed  -  VA99,  by 
which  the  co-operation  is  extended  also  for  Fixed 
Services.  Data  formats  for  co-ordination  purposes 
and  for  a  common  DTM  have  been  defined  in  the 
framework  of  VA.  Calculation  methods  for  mobiles 
have  also  been  worked  out.  and  a  similar  work  is  in 
process  for  fixed  service  systems.  The  transition  to 
electronic  data  exchange  and  co-ordinations  is 
rather  prolonged  but  some  hope  exists  that  it  will 
be  brought  to  an  end  within  two  years.  VA  items 
are  discussed  in  other  Symposium  paper. 

2.3  One  remark  on  co-ordination  procedures 
itself 

When  examined  today,  the  co-ordination 
procedures  laid  down  in  the  Radio  Regulations  and 
in  final  acts  of  international  conferences  (e.g. 
Stockholm61)  are  obsolete  and  lengthy.  They  have 
been  based  on  circulation  of  paper  documentation, 
and  time  limits  for  individual  co-ordination  steps  are 
correspondingly  long  lasting.  The  conclusion  is  that 
even  an  easy  co-ordination  between  neighbouring 
countries  of  a  non-conflict  frequency  assignment 
takes  six  months  as  a  minimum.  Solutions  of  more 
complex  cases  are  prolonged  for  several  years  with 
humble  views  to  satisfactory  outcomes.  At  present, 
we  are  facing  the  commencement  of  international 
frequency  co-ordination  for  implementing  DVB-T, 
and  in  turn  it  means  that  each  and  every 
administration  will  have  to  co-ordinate  many  tens  of 
frequencies.  I  am  convinced  that  this  task  could 
hardly  be  mastered  using  existing  methods  and 
formalistic  administrative  procedures.  The  existing 
approach  would  result  in  substantial  slow-down  in 
starting  DVB-T  in  Europe.  The  only  realistic 
outcome,  in  my  opinion,  is  a  close  and  informal  co¬ 
operation  between  neighbouring  administrations, 
especially  between  their  national  bodies 
safeguarding  technical  assistance  in  co-ordination 
tasks.  The  best  approach  would  be  that  national 
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Standards  development  work  during  the  1990's  for 
LEO  and  GEO  MSS  handsets  has  been  very 
contentious  over  the  issue  of  acceptable  and 
realisable  conducted  transmitter  emission  limits. 
Compromised  standards  eventually  were  agreed  for 
LEO  operation  in  the  1610  to  1626.5  MHz  band  and 
were  drafted  to  protect  adjacent  MSS  services  and 
GNSS  composed  of  GPS  and  GLONASS  systems. 
Development  work  continues  for  the  adjacent  band 
above  1626.5  MHz  and  this  is  also  very  contentious. 
Early  transmitters  introduced  for  the  Iridium  LEO 
MSS  and  presented  in  this  paper  were  straight 
forward  designs  and  are  shown  to  be  compliant  with 
the  LEO  standards  for  MSS.  This  paper  also 
presents  more  advanced  transmitter  architectures 
that  reduce  complexity,  improve  efficiency  and  still 
provide  the  necessary  conducted  emissions  control. 
These  techniques  can  be  used  for  GEO  MSS 
handset  transmitters  as  well  as  LEO  MSS  handsets. 
The  paper  suggests  the  performance  possible  for 
GEO  and  LEO  MSS  handsets  and  helps  set 
attainable  performance  useful  in  subsequent 
standard  development. 

1.  INTRODUCTION 


Mobile  satellite  terminal  emission  standards 
development  has  been  underway  under  ETSl  and  ITU 
forum  for  many  years.  Initially  they  centred  on  the  1610 
to  1626.5  MHz  Low  Earth  Orbit  (LEO)  uplink  band.  More 
development  has  focused  on  the  Geostationary  orbit 
(GSO  or  GEO)  Mobile  Satellite  System  Band  (MSS)  of 
1626.5  MHz  to  1660.5  MHz  band.  The  limits  for  the  LEO 
system  were  determined  to  be  compatible  with 
transmitter  technology  as  provided  by  CDMA  [1] 
proponents  and  TDMA  proponents.  The  CDMA 
proponents  used  very  simple  transmitter  designs 
employing  Class  AB  High  Power  Amplifiers  as  the  final 
radio  frequency  stage  driven  heavily  into  compression. 
This  was  established  by  driving  the  input  of  the  HPA  at 
the  1  dB  compression  point  of  the  HPA.  Since  the  PEP 
to  average  power  ratio  (peak  to  average)  is  5.5  dB  this 
represents  a  very  heavy  compression  of  the  output 
signal.  The  TDMA  transmitters  were  operated  in  a  more 
linear  fashion  where  the  PEP  of  the  modulation  was  at 
the  input  power  required  for  1  dB  compression  of  the 


HPA.  Standards  were  developed  for  both  system  types 
that  were  compatible  for  both,  the  ETSl  TBR  041  [2]  and 
corresponding  ITU  LEO  document  [3]. 

The  primary  concern  of  these  standards  is  with  the 
out  of  band  emissions  into  directly  adjacent  systems, 
CDMA  into  TDMA,  TDMA  into  CDMA,  and  with 
emissions  into  adjacent  services  of  GPS,  GLONASS, 
and  radio  astronomy.  Since  the  in-band  emissions  are 
largely  an  intrasystem  matter  these  limits  were  not 
explicitly  defined.  Rather  methods  were  drafted  that 
provided  restrictions  on  out  of  band  emissions.  Thus 
there  is  no  per  channel  mask  for  TDMA  systems  but 
there  is  one  for  CDMA  systems  which  was  offered  as  a 
way  to  show  the  CDMA  systems  were  less  harmful  than 
feared  by  the  TDMA  proponents  due  to  cumulative 
effects  of  multiple  wide  bandwidth  channels. 

The  most  difficult  frequency  for  TDMA  LEO  MSS 
terminals  to  meet  is  the  1605  MHz  frequency  where  the 
level  of  -70  dBW/MHz  EIRP  must  be  met  to  protect  the 
GLONASS  navigation  system. 

As  a  way  of  restricting  emissions  from  multiple 
carriers  in-band  the  concept  of  nominated  bandwidth 
(nbw)  was  introduced  in  [2].  This  required  that  the  nbw 
be  restricted  to  the  licensed  band  and  describes  out  of 
band  emissions  directly  adjacent  to  the  operational 
band.  Since  this  only  applies  to  control  emissions  at  the 
edge  of  the  band  this  is  not  really  a  per  channel  mask. 
However  if  some  liberty  is  taken  with  the  definition  a 
pseudo  per  channel  mask  can  be  developed  and  is 
used  in  this  paper.  In  the  case  of  the  Iridium  system  the 
nominated  bandwidth  Is  selected  to  be  just  under  five 
channel  bandwidths  wide. 

Emission  limits  have  been  proposed  In  the  ITU 
document  concerning  GSO  MSS  in  [4].  This  document 
contains  tables  for  terminals  with  EIRP  <15  dBW  and 
also  >15  dBW.  Manufactures  and  operators  have 
expressed  concern  that  the  limits  suggested  in  the  ITU 
GEO  document  cannot  be  met  by  low  power  (<15  dBW) 
handsets  and  certainly  cannot  be  met  by  higher  power 
units.  Moreover  in  TBR44  [5]  emission  limits  are  given 
for  terminals  for  GEO  MSS  which  are  excessively  high 
compared  to  the  other  standards.  This  paper  shows  that 
the  proposed  limits  for  <15  dBW  terminals  are 
compatible  with  existing  radio  technology  also  shows 
that  higher  power  terminals  can  be  made  compliant 
which  includes  aeronautical  terminals  as  well  as  land 
mobile. 
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2.  TRANSMITTER  TECHNOLOGY 

The  Iridium  system  requires  a  moderately  linear 
transmitter  to  meet  the  Iridium  system  intra  band 
requirements  and  to  meet  the  ETSl  and  ITU  out  of  band 
emission  requirements.  Linear  transmitters  require 
higher  battery  power  than  constant  envelope  systems 
that  can  be  driven  into  compression.  This  motivates  the 
evolution  of  transmitter  technology  as  we  seek  higher 
transmitter  efficiency  and  lower  cost  while  maintaining  or 
improving  on  transmitter  linearity. 

This  section  presents  three  handset  transmitters 
that  were  designed  for  the  Iridium  system.  The  overall 
efficiency  will  be  seen  to  improve  with  each  generation 
and  the  linearity  will  be  maintained.  The  first  subscriber 
unit  shipped,  the  9500,  used  a  Doherty  amplifier  [6].  The 
complete  transmitter  line  up  is  shown  in  Figure  1 .  This 
figure  gives  certain  power  levels,  noted  below  the 
elements  and  signal  to  noise  ratios  (SNR’s)  at  1605 
MHz  the  GLONASS  band  edge,  noted  above  them. 
Since  the  maximum  burst  power  EIRP  of  an  Iridium 
handset  terminal  is  1 1 .45  dBW,  and  the  noise  limit  is  - 
TOdBW/MHz  the  SNR  in  dBc/Hz  can  be  calculated  from 

SNR=EIRP-N+10*log10(1e6)  dBc/Hz  (1) 


This  transmitter  also  employs  a  boost  DC  to  DC 
converter  which  is  configured  to  adjust  the  voltage  to  the 
DC  output  buck  converter  to  correspond  to  the  current 
output  power  setting.  This  results  in  a  significant  power 
savings  at  reduced  transmitter  power  which  occurs  most 
of  the  time. 


Fig  2.  9505  Transmitter  line  up  with  SNR’s 

The  most  advanced  transmitter  technology  is 
provided  in  the  P9373  subscriber  unit.  This  transmitter  is 
similar  to  the  previous  9505  in  that  it  also  does  not 
require  filter  attenuation  at  1605  MHz  to  meet  the 
GLONASS  requirement.  This  transmitter  employs  an 
envelope  modulation  technique  [7]  technique  with  a 
modulated  drive  signal. 


Which  after  plugging  in  the  values  becomes  141.45 
dBc/Hz. 
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Fig.  1  9500  Transmitter  line  up  with  SNR’s 

In  this  design  ceramic  filters  1  and  2  provide 
sufficient  attenuation  to  provide  a  150  dBc/Hz  SNR  at 
1605  MHz. 

The  next  generation  transmitter  produced  similar 
results  but  with  improved  efficiency  and  smaller  size  and 
lower  cost.  Fig  2.  Shows  the  line-up  used  in  the  next 
generation  9505  model.  Here  no  rf  filters  are  required  to 
make  the  noise  floor  of  141.5  dBc/Hz  because  the  up 
mixer  is  driven  at  a  higher  power  and  establishes  an 
adequate  SNR.  However  low  cost, wide  bandwidth  rf 
SAW  filters  have  been  substituted  for  the  ceramic  filters 
and  provide  local  oscillator  signal  rejection  primarily. 


Fig  3.  P9373  Transmitter  line  up  with  SNR’s 

The  efficiency  of  the  three  systems  can  be  indirectly 
compared  by  comparing  the  sine  wave  driven  output 
power  and  power  added  efficiency  curves.  Fig.  4  gives 
these  for  the  9500  and  the  9505.  The  9500  is  restricted 
to  the  7  volt  curve  due  to  the  constant  voltage  DC  to  DC 
boost  converter  while  the  9505  uses  both  the  5V  and  7V 
curves.  Inspecting  the  figure  we  see  that  for  reduced 
output  power  If  the  5  V  curve  Is  used  the  HPA  PAE  is 
Increased  over  the  7  V.  As  long  as  the  DC  to  DC  buck 
converter  does  not  reduce  the  efficiency  excessively 
then  the  increased  PAE  will  hold  up  at  reduced  output 
power.  Since  the  system  normally  operates  at  power 
cutback  the  subscriber  unit  will  experience  a  higher 
battery  life  than  the  fixed  7  volt  DC  supply  system.  The 
efficiency  of  the  buck  regulator  in  the  9505  is  in  excess 
of  90%  and  increased  battery  life  Is  realised. 
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9500  &  9505  HPA 
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Fig  4.  HPA  PAE  and  Pout  curves  of  the  9500  and 
9505  for  two  voltages 


The  P9373  of  Fig  3.  Uses  an  envelope  modulated 
DC  supply  to  the  HPA.  This  provides  an  efficiency 
enhancement  over  the  DC  controlled  Doherty  amplifier. 
However  the  linearity  is  worse  in  an  open  loop 
implementation.  Fig  5.  Gives  the  output  power,  gain  and 
PAE  of  the  output  stage  used  in  the  P9373. 


Fig.5  P9373  HPA  open  loop  Performance  curves 

The  gain  Is  highly  non  linear  especially  at  low 
supply  voltage.  There  is  about  9  dB  of  gain  distortion 
from  3  V  to  9  V  supply  voltage.  Since  the  supply  Is  a 
linear  function  of  the  envelope  voltage  this  non  constant 
gain  results  in  AM  distortion.  The  DC  supply  voltage  is 
described  as 

Vdd(t)=:K  Envelope[  (l(t)coswot  -q(t)sinwot)  ]  (2) 

Vdd(t)  =  Kr(t)  (3) 

Where  K  Is  just  a  DC  voltage  scaling  value  and  r(t) 
is  the  time  varying  envelope. 


In  the  P9373  a  feedback  loop  is  wrapped  around 
the  envelope  following  loop  which  effectively  increases 
the  drive  signal  as  the  modulated  supply  voltage 
decreases.  This  results  In  a  highly  linear  system. 


3  EMISSIONS 

3.1  Emissions  standards  scaled 

The  emission  limits  set  by  TBR  041,  ITU  LEO  MSS 
ITU  GEO  MSS,  TBR  44  and  DCS1800  were  compared 
to  the  actual  emission  performance  of  the  three 
respective  transmitter  technologies.  The  parameters 
used  for  TBR  41  and  ITU  LEO  MSS  are  a  nbw  of  208.33 
kHz,  for  the  ITU  GEO  and  TBR  44  the  nbw  is  set  to  the 
channel  separation  of  41.67  kHz.  The  DCS1800 
emission  levels  were  applied  to  the  Iridium  modulation 
format  transmitters  through  a  simple  scaling  of  the 
channel  separation  bandwidths.  This  was  done  over  the 
range  where  the  DCS  levels  scale  with  power  and  are 
then  a  function  of  the  modulation.  The  DCS1800 
channel  separation  is  200  kHz  while  the  Iridium  system 
channel  separation  Is  41.66  kHz,  this  established  a 
roughly  5  to  1  frequency  offset  scale  factor  that  rounded 
to  exactly  5  and  is  used  for  DCS1800  offsets  <400  kHz  . 

The  DCS1800  in-band  levels  are  given  in  terms  of 
off  channel  power  spectral  density  in  30  kHz  to  on 
channel  power  spectral  density  in  30  kHz  for  offsets 
<=1800  kHz.  Since  the  levels  are  given  in  terms  of 
relative  psd  the  same  relationship  of  off  channel  psd  to 
on  channel  psd  ratio  is  used  for  the  narrow  bandwidth 
Iridium  signal  but  the  psd  bw  is  changed  to  3  kHz.  The 
off  channel  emissions  were  converted  to  absolute  power 
using  the  equation 

Psd_off_3=  Psd„on„3-A.  (4) 

Where  A  is  the  DCS1800  PSD  In  30  kHz  spectrum 
attenuation,  and  Psd_ofL3  and  Psd„on  _3  are  the 
power  spectrum  off  and  on  channel  in  3  kHz 
respectively. 

This  is  converted  to  absolute  power  by  calculating 
the  on  channel  spectrum  relative  to  the  on  channel 
power.  In  this  analysis  the  Iridium  total  on  channel 
power  is  in  a  25  kHz  bw.  The  on  channel  Psd_on_3  is 
then  given  by 

Psd_on_3=Ptx  +  lOlogI  0(3/25)  dB.  (5) 

Where  for  Iridium  the  Ptx  is  set  to  1 1,45  dBW. 

For  offsets  greater  than  1800  kHz  the  emissions 
limits  become  absolute  power  limits.  The  close  to  carrier 
spectrum  data  for  the  Iridium  signals  was  measured  in  a 
3  kHz  bw  Vs.  the  DCS1800  30  kHz  limits.  The  absolute 
DCS1800  levels  were  converted  to  3  kHz  by  lowering 
them  10  dB.  The  levels  for  the  other  standards  were 
also  scaled  where  appropriate. 

The  out  of  band  emission  levels  were  all  converted 
to  dBW/MHz  to  coincide  with  the  GLONASS  and  GPS 
levels  of  “70  dBW/MHz  which  also  matches  how  the 
data  was  taken  on  the  three  transmitters. 


dBW/3kHz 


3.2  Emission  levels  in-band 

While  data  exists  for  all  three  transmitter  types  it  will 
only  be  shown  to  highlight  significant  points.  Fig.  6 
shows  how  the  9500  transmitter  performs  relative  to  the 
ITU  LEO  and  US  Code  of  federal  regulations  (CFR) 
refereed  to  here  as  FCC.  Where  it  Is  seen  that  the 
limits  are  roughly  equivalent  after  200  kHz  and  are 
conservative  between  200  and  500  kHz  offset.  There  is 
some  narrow  band  spurious  present  at  300  kHz  due  to 
switching  regulator  clocks. 
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Frequency  offset  from  carrier  in  kHz 

Fig  6.  Specimen  9500  Transmitter 

Fig.  7  gives  spectrum  for  the  P9373  transmitter  and 
compares  it  to  the  ITU  GEO,  TBR44  and  the  scaled 
DCS1800  limits  for  a  frequency  span  of  1  MHz. 

This  figure  highlights  the  deficiency  of  the  TBR  44 
limits  compared  to  actual  transmitter  performance  and 
to  the  ITU  GEO  and  DCS1800  limits.  TBR44  was 
drafted  to  allow  GEO  data  services  and  is  a  very  old 
standard  that  did  not  recognise  the  need  to  protect 
future  satellite  systems  in  the  band.  Instead  it  was 
deigned  to  provide  economical  transmitters  using  old 
transmitter  architecture  and  should  be  revised. 

The  DC$1800  scaled  limits  are  seen  to  be  more 
restrictive  than  the  unit  can  provide  for  offsets  about  80 
kHz.  But  It  is  interesting  that  a  transmitter  not  designed 
to  meet  DCS  1800  levels  nearly  does.  Since  the  close  in 
emission  levels  are  due  to  non  linear  HPA  performance 
we  might  expect  constant  envelope  signals  to  perform 
better. 

The  feedback  loop  wrapped  around  the  envelope 
modulator  for  the  P9373  in  Fig. 3  linearizes  the  system 
significantly.  This  is  seen  when  comparing  the  spectrum 
of  the  P9373  in  Fig  7  to  that  of  the  open  loop  Doherty 
transmitter  design  of  the  9500  in  Fig  6.  This  is 
exemplified  between  100  and  200  kHz  where  the  P9373 
is  seen  to  be  better  by  about  5  dB.  The  improvement  is 
measurable  for  offsets  less  than  200  kHz  and  actually 
results  in  a  lower  occupied  bandwidth  for  the  P9373. 
Again  narrow  band  spurious  is  present  but  In  this  case 
at  400  kHz  due  to  the  switching  regulators.  Once  the 
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frequency  offset  exceeds  the  loop  bandwidth  of  about 
200  kHz  then  no  more  Imorovement  is  realised. 


Frequency  offset  from  carrier  in  kHz 
Fig  7.  Specimen  P9373  Transmitter  in-band 


Fig  8.  Specimen  9505  Transmitter  in-band 

Fig.  8  gives  a  3  to  10  MHz  single  sided  span  of  the 
9505  but  with  a  1  MHz  bw.  The  data  is  only  valid  for 
noise  and  spurious  >=~3MHz,  but  are  below  the 
DCS1800  limits  and  consequently  the  ITU  GEO  limits. 

3.3  Emission  levels  out  of  band 

Out  of  band  emission  limits  for  the  LEO  ITU 
and  ETSI  standard  are  shown  in  Fig  9  for  the  9505 
transmitter.  The  noise  spectrum  roll  off  with  reduced 
frequency  is  flat  until  the  frequency  is  less  than  1600 
MHz  where  the  wide  bandwidth  SAW  filter  starts  to 
improve  the  SNR. 

ITU  GEO, TBR  44  and  DCS1800  are  compared  to 
specimen  transmitters  in  Fig.  10.  But  in  this  case  the 
spectrum  is  mathematically  shifted  in  the  computer  from 
1620.83MHz  to  1626.75MHz  to  see  how  it  would  fair  In 
the  GEO  frequency  band.  Since  the  measurements 
were  made  with  a  1  MHz  resolution  bandwidth  the 
frequencies  In  the  vicinity  of  the  carrier  are  invalid  as  it 
is  more  a  measurement  of  the  spectrum  analyser  filter. 
Comparing  Fig  9  to  Fig  10  the  noise  at  low  frequency 
offsets  for  the  9500  improves  quickly  due  to  the  narrow 
bandwidth  rf  ceramic  pre-filter.  Neither  plot  reveals  any 
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narrow  band  spurious  because  these  transmitters 
employ  a  limited  number  of  oscillators,  use  high 
frequencies  (215  MHz)  for  up  mixers  and  the  resolution 
bandwidth  is  1MHz.  No  spurious  is  visible  at  16.8  MHz 
offset,  the  reference  oscillator  frequency. 

The  limits  set  by  TBR44  are  at  1605  MHz  are  much 
higher  than  either  the  DCS1800  or  ITU  GEO  limits.  The 
performance  of  the  transmitter  Is  good  enough  that  the 
spectrum  scaled  from  1 1 ,45  dBW  to  29  dBW  still  meets 
the  out  of  band  emission  ITU  GEO  emission  limits  for 
frequencies  just  below  the  band  edge  at  1626.5  MHz. 


9505  f=1620.0B3  MHz  EIRP=11.45  dBW 
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Figure  9  Specimen  9505  Transmitter  out  of  band 


9500  Shifted  to  1626.75  EIRP=11,45  and  29  dBW 
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Fig.  10  Specimen  9500  Transmitter  GEO  out  of  band 


3.  Conclusions 

This  paper  showed  how  the  limits  set  in  TBR  44  are 
excessively  high  for  ordinary  handset  terminals  in  the 
11.45  dBW  EIRP  area.  The  levels  are  also  excessive 
compared  to  the  ITU  GEO  limits  for  EIRP’s  <  15  dBW. 
Using  low  power  handset  technology  higher  EIRP 
terminals  can  be  made  to  meet  the  ITU  GEO  low  power 
limits  without  extraordinary  means  just  by  adding  some 
guardband  which  is  reasonable,  since  high  power 
terminals  can  be  congregated  away  from  the  band  edge. 
Out  of  band  emissions  and  noise  can  be  controlled  by 
adding  narrow  band  HPA  rf  pre  filters  and  by  driving  up 
mixers  at  higher  power  level.  Advanced  linear 
transmitter  technologies  should  provide  the  means  to 
meet  stringent  out  of  band  emissions  while  improving 
overall  transmitter  efficiency. 


Higher  power  fixed  Installation  terminals  including 
mobiles  can  employ  classical  HPA  techniques  and 
merely  operate  below  the  1dB  compression  point  of  the 
power  out  curve  to  maintain  linearity  In  this  case 
efficiency  is  given  up  but  it  is  also  less  significant  due  to 
the  mains  power  available.  They  also  can  employ  large 
pre  and  post  filters  If  necessary.  Spurious  Is  less  of  a 
problem  due  to  fewer  and  higher  oscillator  frequencies. 
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The  satellite-based  systems  of  the  past  filled  only  a  very 
partial  need  for  Mobile  Satellite  Services  (MSS).  The 
industry  is  undergoing  an  extensive  revolution  in  order 
to  be  able  to  serve  the  true  needs.  This  includes  Non 
GEO  comtellations,  on-board  processing  and  linear 
modulation  methods.  This  completely  changes  the  EMC 
scenario,  in  a  sense  that  from  a  relatively  low  usage  and 
stationary  environment  it  becomes  dynamic  and  denser 
in  emitting  sources.  This  paper  addresses  the  issue  of 
out-of-band  emissions.  While  in  the  old  days,  satellite- 
based  earth  terminals  enjoyed  a  relaxed  requirement,  in 
order  to  accommodate  the  new  systems  a  much  stricter 
regime  must  be  adopted,  similar  to  the  evolution  which 
the  terrestrial-based  radio  communication  industry 
have  gone  through. 

In  this  paper  the  limits  required  are  calculated  and 
shown  to  be  feasible  in  the  light  of  the  development  of 
the  technologies  that  were  needed  for  the  modern 
terrestrial-based  systems  like  GSM. 


1.  INTRODUTION 

By  MSS  (Mobile  Satellite  Service)  we  refer  to  non- 
fixed  services,  which  include  mobile  operation  on  land, 
maritime  and  aeronautical.  These  services  are  about  30 
years  old  now.  Originally  they  were  based  on  GEO 
(Geostationary  Orbit)  satellites.  The  frequency 
allocation  is  the,  so-called  1.6/1. 5  GHz.  i.e.,  a  paired 
nomination  based  on  2  times  34MHz  bands.  One  at 
1,626.5  to  1,660,5  MHz  for  uplink  (earth  to  space)  and 
the  second  at  1,525  to  1,559  MHz  for  downlink  (space 
to  earth)  communications. 

Inmarsat  has  been  the  prime  operator  for  these 
services.  It  provided  since  1979  different  MSS  systems 
serving  all  the  3  mobile  components  mentioned  above. 
However,  in  spite  of  the  fact  that  these  services  have 
been  offered  for  20  years  now,  the  total  number  of  users 
for  all  Inmarsat  systems  is  about  140,000,  which  is  low 
by  any  standard  and  clearly  far  from  satisfying  any 
substantial  level  of  demand.  In  particular,  for  the 
aeronautical  component  the  level  of  services  is  currently 
so  low  that,  based  on  this,  Inmarsat  requested  relief  in 


protection  requirements  for  out-of-band  emission  levels 
into  an  adjacent  (1660  to  1670  MHz)  Radio  Astronomy 
band  (CEPT  PT  SE28,  Jan.  2000). 

Clearly,  the  demand  for  satellite-based  MSS  is  large, 
as  they  complement  the  terrestrial-based  systems  in 
substantial  ways.  Indeed,  the  coverage  of  terrestrial- 
based  systems  is  restricted  to  the  populated  areas. 
However,  these  areas  are  only  a  small  fraction  of  the 
total  globe.  This  implies  that  only  satellite-based 
systems  can  provide  ubiquitous  (in  the  sense  of  any  time 
any  place)  services  on  a  global  scale.  Furthermore,  there 
is  the  demand  of  serving  people  in  the  air  (aircraft)  and 
in  the  sea  (ships).  In  these  cases  satellite-based  systems 
are  particularly  attractive.  Cases  of  disa.ster,  like 
earthquakes,  floods,  etc.,  where  terrestrial-based 
infrastructure  is,  either  nonexistent  or  demolished,  are 
another  example  for  the  application  of  satellite-based 
MSS. 

Inmarsat  technology,  being  20  to  30  years  old  is 
based  on  GEO  satellites  with  relatively  small  size 
antennas,  which  require  high  power  terminals  in  order 
to  close  the  link  budget.  The  high  terminal  power  is 
derived  from  a  high  gain  terminal  antenna.  The 
consequences  of  this  configuration  are  low  capacity  due 
to  a  low  frequency  reuse  and  restricted  modes  of 
operation,  like  the  inability  to  allow  true  handheld 
mobile  operation  and  adequate  fade  margin  capabilities 
associated  with  mobile  operation. 

In  order  to  fulfill  the  real  needs  for  services,  the 
industry  has  recently  been  undergoing  a  far-reaching 
revolution  in  applying  new  technologies.  New  types  of 
constellations,  based  on  NGEO  (Non  GEO)  satellites, 
like  LEO  (Low  Earth  Orbit),  and  MEO  (Medium  Earth 
Orbit),  have  been  introduced.  The  traditional  bent-pipe 
(i.e.,  satellites  operate  as  radio  repeaters)  architecture 
has  been  complemented  by  smart  satellites,  which 
perform  on-board  processing  and  in-the-air  satellite-to- 
satellite  routing,  based  on  a  network  of  intersatellite 
links.  NGEO  constellations  contribute  to  MSS 
revolutionary  features  like: 

l.i  True  full  global  coverage  including  high  latitude 
areas  and  the  Polar  Regions. 
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This  provides  ubiquitous  (any  place  any  time)  coverage 
on  a  full  global  scale,  in  contrast  to  GEO,  which  have 
coverage  limitations  due  to  their  equatorial  basis. 

1.2  Less  constrained  link  budget  allowing  lower  power 
and  nondirective  terminal  antenna  allowing  true 
handheld  personal  operation.  This  is  due  to  the 
substantially  lower  orbits  and  high  gain  satellite  antenna 

1.3  High  capacity  by  not  limiting  satellite  orbits  to  the 
equator.  In  contrast  GEO  have  a  limited  number  of 
available  slots  along  the  equator 

1.4  Eligh  capacity  by  better  frequency  reuse,  through 
satellite  multibeam  antennas.  The  lower  altitude  allows 
smaller  cells  on  the  ground  compared  to  same  satellite 
antenna  size  in  the  case  of  GEO. 

1.5  Use  of  the  satellite  on-board  processing  and  a 
network  of  satellite  interlinks  to  provide  trunks  to  any 
place  without  constraining  the  gateway  location  like  in 
the  bent  pipe  approach. 

1.6  The  use  of  linear  multilevel  modulation  in  order  to 
increase  spectral  efficiency  in  tenns  of  bits  per  Hertz. 

To  accommodate  these  new  MGEO-based  systems, 
so  called  Big  LEOs,  a  new  band,  so  called  the  1. 6/2.4 
GHz  band  (1610  to  1626.5  MHz  uplink,  1613.8  to 
1626.5  and  2483.5  to  2500  MHz  downlink)  was  opened 
by  WARC  '92.  The  systems  which  were  constructed  in 
tins  band  are  Iridium®  and  Global  star.  The  former  has 
been  in  commercial  operation  for  more  than  a  year  now 
and  the  latter  has  recently  completed  the  launch  of  its 
constellation.  Other  new  bands  are  being  opened  for 
satellite-based  MSS  systems,  e.g.,  Third  Generation 
(3G)  IMT-2000,  which  includes  a  satellite  component 
at  1,980  to  2,010  MHz,  paired  with  2,170  to  2,200 
MHz.  In  this  band  the  ICO  system  is  being  constnjcted. 

In  addition  a  new  breed  of  GEO-based  systems,  so- 
called  Super  GEO,  has  been  placed  on  the  design  table. 
These  systems  are  planned  with  very  large  size  satellite 
antennas  to  allow  better  reuse  and  reduce  link  budget 
limitations  thus  mitigating  their  high  altitude  orbits. 
Some  examples  are  AceS,  THURAYA,  EAST. 

The  ITU  space  recommendation  database  for  filings 
of  proposed  systems  reflects  this  high  rate  of  planning 
activity  of  new  systems.  As  of  Aug.  1998  more  than 
200  systems  have  been  advanced  published  in  the  L 
bands  (1610  to  1626.5  and  1626.5  to  1660.5  MHz). 
True,  from  a  construction  point  of  view  most  of  these 
systems  will  remain  on  paper.  However,  the  large 
number  of  candidates  is  clearly  indicative  of  the  high 
need  for  these  services.  With  these  new  systems,  it 
appears  that  the  old  term  MSS  had  better  be  changed  to 
S-PCN  (Satellite  Personal  Communications  Networks) 
to  better  reflect  the  mission  of  the  new  generations  of 
satellite  systems  for  mobile  applications. 

In  order  to  accommodate  these  plans  for  extensive  use 
of  MSS  old  concepts  needs  to  be  revisited.  This  paper 
deals  with  the  subject  of  EMC  in  terms  of  unwanted 
emissions,  which  always  accompany  radio  equipment. 


2.  THE  USER  RADIO  LINK 

In  order  to  increase  spectrum  efficiency  in  the  form 
of  higher  frequency  reuse  and  in  order  to  increase  the 
fade  margin  for  better  mobility  services,  the  new 
generation  systems  employ  higher  gain  antennas  at  the 
satellite.  Coupled  with  the  low  altitude  orbits  it  will 
allow  operation  with  terminals  with  relative  low  output 
power.  Typically,  an  average  power  level  of  OdBW  will 
be  sufficient  for  16dB  fade  margin  for  voice  services. 

In  contrast,  Inmarsat  uses  relatively  low  gain 
antennas  at  the  satellite,  both  on  the  global  and  local 
services,  thus  requiring  high  EIRP  (Effective  Isotropic 
Radiated  Power)  at  the  terminal.  On  a  minimum  basis, 
without  providing  margins  for  faded  mobile  EIRP  levels 
of  1 5  to  25  are  typically  quoted  for  voice  services. 

3.  OUT-OF-BAND  INTERFERENCE 

We  consider  now  the  question  of  intersystem 
interference  due  to  out-of-band  emissions  from  the 
terminals. 

In  terrestrial  radio  systems  one  encounters  a  large 
dynamic  range  in  terms  of  received  signal  levels.  This  is 
due  to  the  large  variation  of  ranges  and  shadowing 
characteristics  of  the  radio  links.  For  this  reason,  out-of- 
band  emissions  into  adjacent  bands  require  a  tight 
control.  A  good  example  of  the  progress  made  in  this 
field  is  the  GSM  standard  for  out-of-band  emission 
levels. 

In  contrast,  in  the  satellite  arena  and  in  the  old  days 
of  all  GEO  systems,  dynamic  range  was  limited. 
Reason  was  that  distance  (earth  to  satellite)  was 
essentially  fixed  and,  as  the  link  budget  was 
constrained,  no  significant  degree  of  fade  margin  could 
be  provided.  Furthermore,  only  a  small  number  of 
systems  were  in  operation.  As  a  result,  little  was  done  in 
terms  of  controlling  the  levels  of  out-of-band  emission 
and  the  progress  made  with  out-of-band  emission  did 
not  extend  from  the  terrestrial-based  to  the  satellite- 
based  systems. 

However,  with  the  new  systems  coming  on  board, 
the  situation  with  respect  to  susceptibility  to 
interference  of  satellite-based  systems  changes 
significantly. 

3.  1.  As  they  operate  with  higher  satellite  antenna  gains 
and  lower  orbits,  their  uplinks  are  more  sensitive  to 
interference  from  the  transmission  of  adjacent  band 
terminals.. 

3.2.  As  the  visibility  in  the  sky  to  uplink  transmission  is 
wide,  (Inmarsat  high  directivity  terminal  antennas  are 
60  degrees  wide),  a  victim  satellite  can  be  interfered 
with  by  a  considerable  number  of  terminals. 

3.3.  Satellite-based  systems  are  power  limited.  As 
such,  the  key  factor  in  these  systems  operation  is  the 
system  noise  floor,  which  includes  the  thermal  noise 
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floor  plus  other  internal  noise  sources.  The  desire  is  to 
reduce  it  as  much  as  possible.  The  harm  which 
interference  causes  is  expressed  in  terms  of  the  level  it 
raises  the  system  noise  floor.  This  will  directly 
determine  the  raise  of  power  required  from  earth 
terminal  in  order  to  mitigate  that  interference  in  order  to 
keep  the  same  carrier  to  interference  ratio.  As  the 
system  is  power  limited,  this  degrades  the  system 
perfonnance  by  that  amount  For  instance,  raising  the 
noise  floor  by  IdB  would  mean  that  every  terminal 
would  have  to  designed  with  an  extra  IdB  of  radio 
power  in  order  to  combat  this  interference  for  keeping 
the  same  C/I.  Since  the  power  reserve  is  not  there,  it 
would  mean  a  degradation  of  the  quality  of  service  in 
terms  of  fade  margin  to  mitigate  multipath. 

3.4.  Statistical  analysis  of  the  average  based  on  random 
distribution  of  terminals  which  are  sometimes  made,  are 
not  applicable  in  this  case,  as  events  with  high 
concentrations  of  tenninals  in  one  location  (hot  spots)  are 
highly  probable  for  satellite  systems  (e.g.,  a  disaster 
situation). 

3.5.  The  2  uplink  bands  (GEO  and  NGEO  respectively) 
are  adjacent  with  1626.5  being  the  common  edge.  This 
makes  the  situation  particularly  problematic. 


4.  UPLINK  INTERFERENCE  ANALYSIS 

As  an  example  we  will  use  the  Iridium  system  in 
order  to  express  the  connection  between  the  spectral 
density  on  the  earth  of  a  terminal  emission  into  an 
Iridium  channel  and  the  raise  of  system  noise  floor  at 
the  satellite  receiver.  We  will  take  a  1%  raise  as  the 
point  of  calculation. 

Satellite  system  noise,  No  is  -201dBW/Hz  (T=500  K). 
Earth  to  satellite  bore  sight  distance  1280km.  Satellite 
antenna  gain  is  17dB  at  edge  of  service.  As  Iridium 
channel  bandwidth  is  about  30kHz  we  will  express  the 
results  in  terms  of  spectral  density  measured  over 
30kHz.  While  the  Iridium  footprint  contains  several 
types  of  beams  the  results  among  the  beam  are  fairly 
balanced  within  about  5dB. 

Assuming  free  space  propagation,  the  above 
parameters  yield  an  EIRP  spectral  density  on  earth 
measured  over  30kHz  of  about  -40dBW. 

Interference  into  a  certain  victim  satellite  channel  is 
cumulative  effect  of  all  the  terminals  seen  by  the 
antenna  beam  of  said  channel.  As  far  as  the  cumulative 
effect  of  interference  from  all  terminals  is  concerned  a 
distinction  should  be  made  between  the  effects  of  a 
narrow  band  spurious  and  wide  band  noise.  The  wide 
band  noise  adds  up  in  a  linear  way  whereas  the  narrow 
band  discrete  spurious  components  usually  occur  in 
random  frequencies,  so  that  there  is  a  justification  to 
assume  that  the  cumulative  effect  from  multi-terminals 
does  not  add  up  linearly. 

In  order  to  get  a  requirement  for  the  level  of  emission 
From  the  individual  terminal  an  estimate  of  the  total 
number  of  terminals  in  the  footprint  of  the  victim 


satellite  is  needed.  The  total  bandwidth  for  uplink  is 
34MHz.  Assuming  a  channel  bandwidth  of  40kHz,  one 
arrives  at  a  number  of  850  channels.  Realizing  that,  by 
the  nature  of  unwanted  emissions,  the  levels  decrease 
with  increasing  frequency  offset  from  carrier  until  a 
floor,  so  called  the  noise  floor,  is  reached,  one  can 
assume  that,  except  for  the  noise  floor  cumulative  effect 
the  interference  is  dominated  by  the  close  in  channels, 
say  closest  20  channels  occupying  800kHz 


5.  WHAT  SHOULD  BE  THE  LIMITS. 

How  much  should  be  allowed  in  terms  of  intersystem 
interference?  As  an  example,  when  the  interference 
from  the  NGEO  into  the  GEO  band  was  investigated, 
Inmarsat  required  this  number  to  be  0.6%  raise  of  noise 
floor  for  total  interference  from  an  NGEO  system  into  a 
GEO  satellite.  The  argument  was  based  on  the  many 
sources  of  interference  from  systems  sharing  the  band 
and  from  systems  occupying’ other  bands,  so  that  the 
budget  allocated  to  a  system  from  an  adjacent  band  was 
limited  to  the  above  0,6%  (CEPT  PG  SE28,  1995,1996). 

In  terms  of  noise  floor  consider  GSM  (DC  1 800).  The 
requirement  in  the  standard  is  -'70dBW/30kHz.  As  can 
be  seen  this  is  adequate.  In  the  close  in  region  from 
about  100  to  350kHz  (see  the  paper  by  C.  Kurby  in  this 
Special  Session  as  to  how  GSM  emission  mask  should 
be  frequency  scaled  to  a  typical  satellite  channel)  GSM 
limit  is  -50dBW/30kHz,  which  is  in  the  right  order. 

6.  CONCLUSIONS 

In  order  to  serve  the  growing  need  for  capabilities, 
satellite  systems  are  employing  new  technologies.  This 
requires  earth  terminals  to  follow  an  evolution  path  to 
reduce  unwanted  emissions  much  like  the  terrestrial 
systems  have  gone  through.  The  good  news  is  that  the 
technology  is  here,  due  to  the  progress  made  by  the 
terrestrial  system  designers.  In  this  paper  we  have 
derived  the  necessary  limits.  In  another  paper  in  this 
Special  Session  (by  C.  Kurby)  it  is  shown  that  these 
limits  are  indeed  feasible  in  the  sense  that  they  can 
economically  be  achieved. 
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1.  INTRODUCTION 

A  strategy  of  relying  on  orthogonal  polarizations 
for  satellite  system  isolation,  although  routinely  applied 
in  GEO  (geostationary  earth  orbit)  fixed  satellite  system 
(FSS)  to  provide  isolation  between  satellites  that  are 
spaced  in  geostationary  orbits,  is  not  feasible  for  mobile 
satellite  system  (MSS),  whether  they  are  LEO  (low 
earth  orbit),  MEO  (medium  earth  orbit)  or  GEO,  and 
may  also  be  unsuitable  for  low  elevation  angle  GEO 
fixed  links.  The  analysis  herein  shows  that  polarization 
isolation,  sometimes  contemplated  for  spectrum  sharing 
among  MSS  systems  to  increase  the  capacity  of  voice, 
data  and  paging,  or  for  sharing  with  GEO  FSS,  is  flawed 
because  polarization  becomes  highly  randomized  in  the 
absence  of  an  unobstructed  path  between  the  satellite 
and  mobile  earth  station,  especially  at  frequencies  below 
3  GHz.  The  interference  and  EMC  (electromagnetic 
compatibility)  issues  are  so  severe,  as  shown  herein,  that 
the  cross-polarization  component  becomes  a  viable 
diversity  branch  for  path  links  to  the  urban  environment. 

This  work  proposes  geometrically  based  physical 
mechanisms  for  circular  polarization  cross-coupling 
which  build  on  an  earlier  urban  terrestrial  model  [1]. 
The  cross-coupling  is  related  to  polarization  sensitive 
diffraction  and  scattering  from  building  roof  tops  and 
comer  edges,  as  well  as  near-specular  reflections  from 
building  and  street  surfaces.  Recently  reported 
measurements  [2-4]  along  with  the  analysis  herein  show 
that  (1)  the  power  density  in  the  cross-polarized  signal 
can  nearly  equal  that  of  the  co-polarized  signal  in  highly 
scattered  environments,  and  (2)  the  polarization 
randomization  inherent  in  LEO  and  MEO  applications 
below  3  GHz  [2-5]  effectively  precludes  frequency 
sharing  among  LEO,  MEO  and  GEO  satellite-mobile 
systems  on  the  basis  of  polarization  discrimination. 

2.  SATELLITE  SYSTEM  CHARACTERISTICS 

There  are  fundamental  differences  in  the  manner 
in  which  satellite-mobile  systems  are  used  compared 
with  fixed  geometry  GEO  systems.  LEO  and  MEO 


satellite  systems  like  Iridium,  Globalstar  and  ICO 
provide  telecommunications  services  globally  to 
roaming  mobile  terminals  from  satellites  that  are 
typically  at  low  elevation  angles  and  that  are  shadowed 
or  blocked  from  direct  line  of  sight.  GEO  FSS 
terminals,  on  the  other  hand,  are  usually  in  relatively 
unobstructed  fixed  and  semi-fixed  line  of  sight  paths 
often  employing  directive  antennas  at  the  mobile.  Table 
1  lists  several  current  and  proposed  satellite  system 
characteristics. 


Table  1,  Global  mobile  persona!  satellite  system  characteristics. 


System 

Characteristics 

Iridium 

LEO 

Globalstar 

LEO 

ICO 

MEO 

Next 

Generation 

GEOs 

Uplink.  MHz 

1,621.35- 

1,626 

1,610- 

1,616.25 

1,990- 

2,020 

1,525- 

1,559 

Downlink,  MHz 

1,621.35- 

1,626.5 

2,483.5- 

2,500 

2,065- 

2,100 

1,626.5- 

1,660.5 

Link  margin,  dB 

16* -30 

11-16 

8-12 

8 

Altitude,  km 

780 

1,400 

10,355 

35,800 

Access  method 

TDMA/ 

FDMA 

CDMA/ 

FDMA 

TDMA/ 

FDMA 

TDMA/ 

FDMA 

*  voice  channel 


2.1  Propagation  Impairments  in  Fixed  Satellite  Links 

The  major  factors  affecting  propagation  in  fixed 
geometry  systems,  GEO  FSS,  are  hydrometeor  and 
gaseous  attenuation  [6],  and  rain  and  ice  induced 
depolarization  [7-9].  A  recent  study  [10]  in  the  ACTS 
(Advanced  Communications  Technology  Satellite) 
program  shows  that  fixed-link  propagation  impairments 
are  different  at  low  elevations  angles  (8  degrees) 
compared  with  higher  elevation  angles  (52  degrees). 

2.2  Propagation  Impairments  in  Satellite-Mobile  Links 

The  major  factors  affecting  propagation  in 
satellite-mobile  links  are  signal  shadowing,  blocking, 
diffraction,  scattering  and  reflection.  The  result  is 
significant  signal  attenuation  and  de-polarization.  As 
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seen  in  Table  1,  the  LEOs,  MEOs  proposed  MSS  GEOs 
have  significant  link  margin  to  help  mitigate  attenuation 
in  the  non-line  of  sight  paths.  The  same  mechanism  that 
produces  this  attenuation  also  causes  polarization  cross- 
coupling. 


condition).  Since  £>*'^(7,  y')  is  polarization  dependent, 
the  field  at  the  mobile  terminal  is  also  polarization 
dependent.  Polarization  randomization  due  to  diffi*action 
alone  is  investigated  by  observing  the  diffracted  v/a\e 
polarization  compared  to  the  transmitted  polarization. 


3.  POLARIZATION  CROSS-COUPLING 

The  polarization  cross-coupling  for  the  low 
elevation  angle  satellite-mobile  link  is  investigated  in 
this  section.  The  basis  for  the  randomization  of 
polarization  in  the  urban  environment  is  presented.  The 
polarization  cross-coupling  due  to  roof  top  and  building 
comer  diffraction  is  quantified,  and  polarization  cross- 
coupling  model  components  are  suggested.  Finally,  in¬ 
building  polarization  cross-coupling  is  quantified  for 
measured  signals  originating  from  an  airborne 
transmitter  flying  paths  that  simulate  the  geometry  of 
LEO  personal  communications  satellites  and  the 
potential  for  diversity  gain  is  predicted. 


Fig.  1  Geometry  for  urban  diffraction  and  reflection. 


3.1  Polaiization  Definition 

Polarization  is  defmed  by  a  complex  vector  ha  in 
terms  of  the  components  Iiq  and  h^.  The  general 
expression  for  the  polarization  vector  is 

ha= /ie0  + /24,4i  (1) 

where  0  and  <j)  are  the  usual  polar  coordinate  unit 
vectors.  When  hQ  and  are  in  phase,  the  polarization  is 
linear;  when  there  is  a  phase  difference  between  Hq  and 
the  polarization  is  elliptical.  Right-Hand  Circular 
(RHC)  polarization  is  defmed  h^^-jhQ  and  Left-Hand 
Circular  (LHC)  polarization  is  defmed  /?^=+y7i0.  Thus  an 
antenna  matched  to  RHC,  with  incident  polarization  ha= 
^20  -  jb^,  receives  a  voltage  proportional  to  a-^b,  while  a 
LHC  antenna  receives  a-b. 

3.2  Polarization  Effects  of  Diffraction 

The  fields  at  the  mobile,  relative  to  the  free  space 
field  from  the  satellite,  behave  like  cylindrically 
diffracted  waves  in  the  lit  and  shadow  regions  added  to 
a  direct  wave  in  the  lit  region 

-jkd^ 

fs.h =iy.h(y^ 

where  angle  y'  and  y  are  the  angles  of  incidence  and 
diffraction  shown  in  Figure  1,  ^  is  the  wave  number  and 
ds  is  the  distance  from  the  diffracting  edge  to  the  mobile 
(fi(y=30m  in  Figure  2).  Y)  is  the  rooftop  or 

building  comer  edge  diffraction  coefficient  using  UTD 
(uniform  theory  of  diffraction)  expressions  given  by 
Leubbers  [1 1]  for  perfectly  conducting  wedges  and  used 
in  [12]  for  propagation  prediction  tools.  Superscript  h  in 
Fj'^  and  If'Xy,  Y)  is  used  for  the  polarization 
component  parallel  to  the  plane  of  incidence  (hard 
boundary  condition),  and  s  is  used  for  polarization 
perpendicular  to  the  plane  of  incidence  (soft  boundary 


Figure  2  shows  the  fields  including  rooftop 
diffraction  for  y'=15  deg  elevation  angle  to  the  satellite. 
The  shadow  boundary  is  yf/,flif'180+y'-195  deg. 

Fields  relative  to  line  of  sight,  dB 
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Fig.  2  Fields  F  and  f*  for  circular  polarization  incident  from  ^=15 
deg  elevation  on  a  PEC  model  of  rooftop  edge. 

3.3  Circularly  Polarized  Antenna  Responses 

The  mobile  terminal  antenna  is  modeled  by  co¬ 
located  electric  and  magnetic  dipoles  aligned  with  an 
axis  tilted  0/  from  the  vertical  along  the  (j)^  plane.  The 
electric  and  magnetic  dipole  outputs  are  summed  or 
differenced  in  quadrature  to  match  either  RHC  or  LHC 
polarization.  Thus  the  co-polarized  voltage  response  in 
the  antenna  is 

Fcopol  *“  201ogl(F+f*)g(9,<l.,e„<t.,)l  (3) 

and  the  cross-polarized  response  is 

Fxpo,  =  20  log|(r-f*)  g(0,<|),e„<|>,)|  (4) 

where  g(0,<t),0/,<tJr)  is  the  field  pattern  of  the  dipole  pair. 
Such  an  ideal  antenna  has  perfectly  circular  polarization 
response  everywhere  in  space,  weighted  by  the  dipole 
pattern.  The  cross-polarization  coupling  is  defined  as 
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=  20  log|(r-f*)/(f*+f*)l  (5) 

Note  that,  unlike  l^copoi  and  F^poi,  XPOL  has  no  pattern 
dependency  for  the  ideal  RHC  antenna  assumed  here. 

Figure  3  shows  the  co-polarization  and  the  cross- 
polarized  responses,  as  well  as  the  cross-polarization 
coupling,  expressed  in  decibels,  for  the  roof  top 
diffracted  fields  shown  in  Figure  2.  The  antenna  here  is 
tilted  0r  =  45  deg  along  the  =  45  deg  plane. 


Polarization  response,  dB 


Fig.  3  Cross-polarization  coupling  (XPOL)  and  responses  relative 
to  free  space  path  of  RHC  and  LHC  antennas  for  RHC 
Incident  on  a  roof  edge  at  a  15  deg  elevation  angle. 


In  the  shadow  region  the  elevation  angle  to  the 
roof  top  or  “sky  line”  in  degrees  is 

£=7-180  (6) 

Akturan  and  Vogel  used  photogrammetric  techniques 
[13]  to  measure  the  “sky  line”  and  derived  probability 
density  functions  of  sky  line  elevation  angle  in  suburban 
and  urban  areas.  Their  results  show  that  the  skyline 
elevation  angle  £  is  greater  than  45  degrees  nearly  25% 
of  the  time,  suggesting  that  XPOL  is  between  -5  and  0 
dB  for  that  time  for  the  rooftop  diffracted  ray. 

3.4  Polarization  Randomization  due  to  Reflections 


Waves  in  the  urban  environment  propagate  by 
reflections  from  buildings  and  from  street  surfaces.  The 
cross-polarization  coupling  for  reflected  waves  is  found 
by  applying  plane  wave  reflection  coefficients  [5],  Fpar 
for  the  polarization  component  parallel  to  the  incidence 
plane,  and  Fper  for  the  component  perpendicular  to  the 
plane  of  incidence.  The  coefficients  are  defined  at 
normal  incidence  by  Fpar(0)=-Fpcr(0).  The  cross- 
polarization  coupling  for  a  reflection  fi'om  a  building 
wall  (ray  R\  of  Figure  1)  is 


Z£O£,=20Iog 


Fpar(9O-0)~Fpe.(9O-0) 

Fp,(9O-0)+Fp„(9O-0) 


(7) 


When  an  additional  ground  reflection  is  considered  (ray 
Ri  in  Figure  1)  the  cross-coupling  is 


XPOL^=moi 


U9o-e)Ue)-i;cr(9o-6)U9) 

r(:9o-e)r  (e)+r  (90-e)r  (6) 

par  ^  par'  ^  per'  '  per'  ' 


where  0,  degrees,  is  the  angle  defined  in  Figure  1. 

Figure  4  shows  the  cross-polarization  coupling 
XPOL]  for  a  circularly  polarized  ray  Ri  that  is  reflected 
once  from  a  vertical  building  wall,  and  XPOLi  for  a  ray 
Ri  that  is  additionally  reflected  from  the  ground.  The 
two  curves  begin  to  separate  at  an  elevation  angle  near 
24  degrees,  which  is  related  to  Brewster’s  angle  for  a 
dielectric  constant  of  e;.=5  used  here.  The  cross- 
polarized  signal  exceeds  the  co-polarization  by  up  to 
tens  of  decibels,  particularly  at  low  elevation  angles, 
and  for  both  low  and  high  elevation  angles  when  an 
additional  street  reflection  is  included.  A  specularly 
reflected  signal  that  is  otherwise  line  of  sight  to  the 
satellite  is  not  significantly  attenuated,  thus  this  cross¬ 
coupling  mechanism  may  be  the  dominant  impairment 
to  the  polarization. 

XPOL,  dB 
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Fig.  4  Polarization  cross-coupling  after  a  w/all  reflection  (— ),  and 
with  the  further  addition  of  a  ground  reflection  (-  -  -). 

4.0  POLARIZATION  CROSS-COUPLING  MODEL 

Signals  on  urban  streets  arrive  by  reflections 
from  buildings,  diffraction  from  roof  tops  and  building 
edges,  and  diffraction  with  subsequent  reflection.  A 
model  for  cross-coupling  of  circular  polarization  can  be 
constructed  by  tracing  rays,  as  shown  in  Figure  1,  for 
various  scenarios,  and  combining  the  power  in  the 
principal  polarization  orientations  0  and  ^  at  the  mobile 
terminal  antenna  in  the  manner  of  the  linearly  polarized 
terrestrial  model  in  [Ij.  Combining  signal  power  is 
relevant  because  we  are  interested  in  contributions  over 
the  multiple  rays  in  a  multipath  scenario.  If  the  voltage 
responses  are  combined  as  vectors,  a  full  multipath 
faded  response  is  modeled  in  the  vicinity  of  the  mobile 
terminal.  In  this  paper  all  rays  are  in  the  x-z  plane,  and 
all  edges  are  aligned  with  x,  y  or  z. 

4.1  Mode!  Component  for  a  Rooftop  Edge 

The  power  received  by  RHC  and  LHC  antennas 
for  a  single  rooftop  diffraction  are  found  from  the 
voltage  response  in  (3)-(4).  For  the  co-polarized  signal 

^c.D  =  ll"copolf  (9) 

and  for  the  cross-polarized  signal 
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/’x.D=|)ViP  (10) 

4.2  Model  Components  for  Multiple  interactions 

Propagation  model  components  of  diffracted 
and/or  multiply  reflected  rays  are  constructed  by  ray 
tracing  and  multiplying  the  relevant  polarization 
dependent  field  modifiers  for  each  geometric 
interaction,  for  each  of  the  polarization  components. 
The  appropriate  diffraction  modifier  is  applied  per 
polarization  at  each  edge  encountered  and  a  reflection 
coefficient  Fper  or  Fpar  is  applied  for  each  reflection.  The 
two  polarization  components  are  then  combined  with 
the  proper  antenna  pattern  weighting  as  a  sum  for  co¬ 
polarization  and  as  a  difference  for  cross-polarization. 

Finally,  the  co-  and  cross-polarized  voltage 
responses  are  squared  in  their  magnitude  to  obtain  the 
power.  Power  terms  can  then  be  summed  for  each  of  the 
CO-  and  cross-polarizations.  The  power  ratio  of  cross- 
polarized  to  co-polarized  power  is  defined  as  cross¬ 
polarization  coupling  for  that  set  of  ray  paths  under 
consideration. 

5.  SIGNAL  MEASUREMENTS  IN  BUILDINGS 

Measurements’  show  that  circular  polarization  is 
nearly  completely  randomized  inside  buildings.  RHC 
signals  originating  from  an  airborne  transmitter  were 
recorded  at  one  millisecond  intervals  using  RHC  and 
LHC  receiving  antennas.  The  aircraft  traversed  paths 
that  simulate  the  geometry  of  LEO  communications 
satellites.  The  signals  were  received  inside  a  second 
floor  office  of  a  large  commercial  building. 

5.1  Signal  Power  in  RHC  and  LHC  Polarization 

Figure  5  shows  the  RHC  and  LHC  signals 
measured  from  the  simulated  LEO  satellite. 


Signal  power,  dB 


Fig.  5  RHC  (— )  and  LHC  ( - )  signal  levels  received  in  a 

commercial  office  building  and  averaged  over  one  second 
intervals.  Source:  [3]. 


The  data  are  averaged  over  one  second  intervals 
to  reveal  the  combined  shadowing  and  free  space 


’  Data  courtesy  of  Norbert  Kleiner,  Propagation  Engineering 
Department  of  Motorola  Satellite  Communications  Group,  Phoenix, 
AZ.  Source:  [3]. 


propagation  loss  variations.  The  power  correlation 
between  signals  is  0.89,  and  fast  fading  was  in  the  range 
of  tens  of  fades  per  second. 

5.2  Signal  Statistics  and  Diversity  Opportunity 

The  nature  of  the  fast  fading  is  revealed  by  first 
“de-meaning”  the  signals,  that  is,  removing  the  slow 
variation  shown  in  Figure  5.  The  remaining  variation  is 
then  largely  due  to  multipath.  The  probability  density 
functions  (PDF)  of  both  RHC  and  LHC  envelopes 
are  shown  in  Figure  6  along  with  the  difference  between 
them.  The  two  signals  differ  in  average  power  by  0.7 
dB.  The  PDFs  of  the  two  polarizations  are  nearly 
identical,  indicating  a  high  degree  of  polarization 
randomization.  The  power  correlation  of  the  de-meaned 
signals  is  0.10,  and  the  standard  deviations  of  the  RHC 
and  LHC  signals  are  5.13  and  5.07  dB  respectively, 
somewhat  below  the  5.57  dB  of  a  Rayleigh  distributed 
signal  indicating  that  a  dominant  signal  path  exists.  The 
low  correlation  between  the  RHC  and  LHC  signals 
indicates  nearly  total  polarization  randomization  within 
the  building. 

Each  of  the  measured  and  de-meaned  signals 
were  modeled  [3]  by  independent  time-space  varying 
multipath  components  represented  by  and  a 
dominant  path  Epir  having  relative  power  with  ^=1.05. 
Details  of  Epir  and  K  are  in  [14].  The  simulated 
signal  PDFs  (thin  lines)  are  nearly  identical  to  the 
measured  signal  PDFs  as  seen  in  Figure  6. 


Signal  PDF 


Fig.  6  Measured  (bold)  and  simulated  (thin  lines)  PDFs  of  the  de¬ 
meaned  RHC  and  LHC  signals  and  their  difference. 
Source:  [3]. 


Diversity  gain  is  sometimes  reported  by  the 
“CDF  method”  [15],  defined  as  the  difference  between 
the  CDF  (cumulative  distribution  function)  of  the 
diversity  combined  signal  and  strongest  original  signal 
(RHC  here)  at  the  0.1  CDF  level.  The  diversity  gain 
available  from  the  RHC  and  LHC  measurements  with 
PDFs  shown  in  Figure  6  using  the  “CDF  method”  is  4.8 
dB  for  selection  combining  and  6.3  dB  for  maximal 
ratio  combining. 
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6  SUMMARY  AND  CONCLUSIONS 

The  physical  basis  for  the  randomization  of 
polarization  in  the  urban  environment  was  presented 
and  polarization  cross-coupling  due  to  edge  diffraction 
and  to  wall  and  street  reflections  was  quantified. 
Polarization  cross-coupling  propagation  model 
components  were  defined.  Building  rooftop  and  comer 
edges  act  as  polarization  “filters”  in  the  diffraction 
shadow  region  and  impart  a  cross-polarization 
component  of  -5  to  0  dB  compared  with  the  co¬ 
polarization.  Building  wall  and  street  reflections  result 
in  cross-coupling  components  that  range  up  to  tens  of 
decibels  above  the  co-polarized  signal. 

Measurements  inside  buildings  indicate  that 
circularly  polarized  signals  are  nearly  completely 
randomized  hence,  the  cross-polarization  provides  a 
viable  diversity  branch.  The  in-building  polarization 
diversity  is  quantified  for  signals  originating  from  an 
airborne  transmitter  flying  paths  that  simulate  the 
geometry  of  LEO  communications  satellites. 

The  level  of  the  cross-polarization  coupling  in 
satellite  to  low  antenna  gain  mobile  terminals  in  the 
urban  and  semi-urban  environment  effectively  precludes 
the  use  of  orthogonal  polarizations  as  the  basis  for 
frequency  re-use  and  spectrum  sharing  in  these  systems. 
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Low  Power  Flux  Density  (PFD)  is  used  in  the 
International  Telecommunications  Union  (ITU)  and 
Conference  of  European  Postal  and  Telecommunications 
Administrations  (CEPT)  as  a  significant  parameter  to 
determine  whether  a  new  system  could  share  frequency 
spectrum  with  existing  systems.  The  PFD ‘s  of  systems 
are  made  low  by  spreading  the  signal  leading  to  a  high 
frequency  spectrum  bandwidth  requirement.  This 
situation  is  not  efficient  in  case  of  sharing  between  civil 
and  military  systems  since  the  frequency  management  of 
both  systems  is  totally  separated.  The  analysis  in  this 
paper  is  limited  only  to  demonstrate  the  above 
phenomena. 

Note:  In  the  whole  paper  “sharing  “  means  "co-channel  sharing 

1.  INTRODUCTION 

CEPT  SE  28  carried  out  studies  in  supporting  sharing  of 
Low  Earth  Orbit  (LEO)  Satellite  Messaging  systems  with 
existing  systems. 

In  addition,  CEPT  was  looking  for  2  X  5  MHz  Mobile 
Satellite  Service  (MSS)  band  below  1  GHz  for  civil  use. 
Under  the  current  conditions,  use  of  the  spectrum  for 
civil  MSS  is  not  allowed  due  to  restrictions  imposed 
under  footnotes  or  other  arrangements.  CEPT  SE  28 
carried  out  the  investigation. 

The  MSS  system  proposed,  is  based  on  Direct  Sequence 
Spread  Spectrum  (DSSS)  with  CDMA  access 
mechanism.  One  of  the  significant  reasons  to  apply 
DSSS  and  CDMA  in  this  regard  is  to  make  PFD, 
especially  of  the  dovm-  link  signal,  low.  With  low  PFD’s, 
it  is  hoped  that  sharing  of  frequency  spectrum  with 
existing  systems  would  be  possible. 


In  the  following  paragraphs,  characteristics  of  some  typical 
wide-  and  narrow  band  military  systems  will  be  discussed. 
It  will  be  demonstrated  that  the  application  of  DSSS  would 
not  always  result  in  sharing  behaviour  expected. 

Finally,  the  current  trend  shows  that  more  and  more 
Commercial  off  The  Shelf  (COTS)  equipment  will  also  be 
deployed  for  military  use.  Therefore,  the  need  for 
frequency  spectrum  sharing  between  military  and  civil 
users  will  occur  more  frequently.  In  order  to  make  the 
frequency  spectrum  sharing  optimal,  selection  of 
modulation  schemes  should  be  performed  carefully.  In  this 
regard,  trade  off  between  conventional  and  spread 
spectrum  modulation  schemes  will  be  outlined. 

2.  POWER  FLUX  DENSITY  (PFD) 

In  the  ITU  discussions,  limit  on  the  PFD’s  is  probably  the 
most  important  criterion  for  frequency  sharing  between 
systems.  Spreading  transmitted  spectrum  under  Direct 
Sequence  (DS)  or  Frequency  Hopping  (FH)  scheme  is 
common  to  achieve  lower  PFD’s  of  transmission  systems 
with  defined  transmission  capacities.  Low  PFD’s  at  the 
expense  of  a  wider  spectnim  required  should  only  be  useful 
if  sharing  with  existing  systems  could  be  realized. 

Applying  this  method,  from  a  frequency  management  point 
of  view,  will  result  in: 

Advantages: 

a.  reduced  co-ordination  distance 

b.  reduced  required  frequency  separation 

Disadvantage: 

c.  more  required  frequency  spectrum/occupied 
bandwidth. 
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In  a  final  decision  one  should  consider  carefully  the 
advantages  and  disadvantages  of  spreading  spectrum  to 
lower  PFD  in  lieu  of  making  sharing  with  existing 
systems  feasible. 

Extensive,  real  time  and  detailed  information  of  the 
systems  sharing  frequency  spectrum  is  required  for  an 
efficient  frequency  management.  Therefore,  special 
considerations  should  be  given  if  two  different  frequency 
management  authorities  manage  the  systems  planned  to 
share  a  piece  of  frequency  spectrum. 

3 .  SYSTEMS  ANALYSED 

For  illustration  purposes,  the  following  systems  are 
considered: 

Victim  /  Military  systems: 

Tactical  Radio  Relay  (R/R) 

Air  Ground  Air  Radio  (AG A) 

Interferer  / MSS  Earth  terminal: 

Mobile  Earth  Station  (MES) 

Tactical  radio  relay  represents  wide  band  multi  channel 
ground  systems. 

Tactical  airborne  AGA  radio  represents  narrow  band 
single  channel  airborne  systems.  The  AGA  system 
comprises  of  ground  and  airborne  terminals. 

MES  represents  a  DSSS  single  channel  terminal  of 
mobile  satellite  service  below  1  GHZ  systems. 

MSS  below  1  GHz  using  Low  Earth  Orbiting  (LEO) 
satellites  is  normally  aimed  for  Non  Voice  and  not  real 
time  nor  interactive  communications.  The  capacity 
required  is  normally  low.  Therefore,  the  required  base 
band  bandwidth  should  not  be  more  than  25  kHz. 

The  relevant  characteristics  of  the  above  mentioned 
systems  are  listed  in  table  1. 

4.  PROPAGATION  MODELS 


To  illustrate  the  situations,  several  scenarios  will  be 
described.  The  situations  are  concentrated  in  the  cases 
where  military  systems  could  be  interfered  by  MES’s 
deployed  in  the  NATO  military  225  -  400  MHz  band. 

MES 

Interferer 


Radio  Relay  or 
AGA  Ground  or 
AGA  Airborne 


Figure  1:  Schematic  diagram  of  the  interference  scenario 


R/R 

AGA 

Gnd 

AGA 

Airborne 

MES 

Tx  Output  Power  (Watts) 

10 

20 

10 

1 

Tx  Output  Power  (dBm) 

40 

43 

40 

30 

Tx  /  Rx  Antenna  Gain  (dB) 

9 

0 

0 

0 

Tx  /  Rx  Antenna  Hcight(m) 

22 

40 

10000 

1.5 

Opening  angle  (deg) 

60 

360 

360 

360 

Occupied  Bandwidth  (kHz) 

1000 

25 

25 

1500 

Rx  noise  factor  (dB) 

7j 

10 

10 

5 

Noise  (dBm) 

-107 

-120 

-120 

-107 

Acceptable  Degradation  due  to 
Sharing  with  MSS 

i 

1  dB  (Noise  plus  Interference  level 
maximally  1  dB  higher  than  Noise 
level  without  Interference  from 

MSS) 

Table  1 :  Characteristics  of  the  discussed  systems 


On  Tune  Rejection  (OTR) 

On  Tune  Rejection  (OTR)  is  taken  into  account  in  the 
calculations  of  the  interference  power. 

OTR  (dB)  =  10*log(BWvic,im/BW,„,„f„„) 

if  B W Victim  <  B  W Interferer  OthcrwiSC 

=  0  (1) 

Note:  BW  -  Bandwidth. 

Calculations  of  received  power  and  noise  at  receiver  input 


Two  propagation  models  are  used  for  the  calculations. 
The  terrestrial  propagation  losses  were  calculated  with 
Okumura-Hatta  model  for  rural  area  (ITU-R  Rec.  529 
and  Rep.  567-3)  and  the  Ground  to  Air,  Air  to  Groimd 
and  Air-Air  propagation  losses  were  calculated  using  the 
basic  Free  Space  model. 

5.  INTERFERENCE  CALCULATIONS 
Scenario 


Calculations  of  the  received  power  is  based  on  the 
following  equation: 


Pr  =  Pt+Gt+Gr+OTR-Pathloss 

Where:  Pr  -  Received  power  (dBm) 

Pt  =  Output  power  (dBm) 

Gt  =  Transmitter  antenna  gain  (dBi) 

Gr  =  Receiver  antenna  gain  (dBi) 
OTR  =  On  Tune  Rejection  (dB) 

Pathless  =  Propagation  loss  (dB) 


(2) 
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Noise  level  at  the  receiver  input  is  as  follov/s: 

Noise  ==  1 0*log(kTo)+ 1 0*log(B)+NF  (3) 

Where:  P  noise=  Noise  level  at  the  input  of 
the  receiver  (dB) 

K  =  Boltzmann  Constant 

=  1.38+10-^^  (J/K) 

B  =  Bandwidth  of  the  receiver  (Hz) 

NF  =  Noise  Figure  of  the  receiver  (dB) 

Scope  of  calculations 

The  scope  of  calculations  is  limited  to  the  ones  required 
to  demonstrate  that  lowering  PDF  values  at  the  expense 
of  frequency  spectrum  is  not  always  appropriate, 
especially  in  situations  where  real-time  and  detailed 
frequency  management  is  not  practical  such  as  sharing 
frequency  spectrum  between  civil  and  military  users. 

5. 1 .  MBS  in  terfering  R/R  (See:  Fig  I ) 

Noise  level  at  the  input  of  the  Rx  of  R/R  is: 

P  noise  =  10*log(KtoB)  +  7 
- -174+60+7 
=  -107dBm. 

The  noise  level  may  increase  maximally  1  dB  due  to 
interference.  Therefore,  the  maximum  interference  power 
falling  into  the  receiver  BW  (Pint-max)  tolerated  is: 
Pint-max  +  P  noise  =  P  noise  +  1  (4) 

Pint-max  +  -107  =  -106 
Pint-max  =  -1 12.9  dBm. 

Pint-max  falling  into  the  BW  of  the  victim  Rx  is: 

Pint-max  =  Pmes'^Gmes'^Gr/r+OTR— PathLoss  (5) 

PathLoss  =  30+0+9+l0*log(1000/1500)-  -1 12.9 
-150.1  dB. 

Based  on  Okkumura-Hatta  model  for  rural  area,  pathloss 
of  150.1  dB  corresponds  to  a  distance  of  24.6  km. 

If  the  MBS  signal  was  not  spread,  the  distance  above 
would  be: 

Pint-max  falling  into  the  BW  of  the  victim  Rx  is: 

Pint-max  —  Pmes'^Gmes'^Gr/r'^OTR— PathLoss  (6) 

Pathloss  =30+0+9- -112.9 
=151.9  dB. 

Based  on  Okkumura-Hatta  model  for  rural  area,  pathloss 
of  151.9  dB  corresponds  to  a  distance  of  26.5  km. 

Therefore,  in  this  case,  spreading  the  signal  is  not 
decreasing  the  coordination  area. 


5.2.  MBS  interfering  AGA  Ground  (GND)  (See  Fig. I) 

Noise  level  at  the  input  of  the  Rx  of  AGA  GND  is: 

P  noise  =  10*log(KtoB)  +  10 
=  -174+44+10 
=  -120dBm. 

The  noise  level  may  increase  maximally  1  dB  due  to 
interference.  Therefore,  the  maximum  tolerated 
interference  power  falling  into  the  receiver  BW  is: 

Pint-max  +  P  noise  =  P  noise  +  1  (7) 

Pint-max  +  -120  =  -1 19 
Pint-max  =  -125.9  dBm. 

Pint-max  falling  into  the  BW  of  the  victim  Rx  is: 

Pint-max  =  PwES'^GMES'^GAGACND+OTR-PathLoss  (8) 
Pathloss  =  30+0+0+10*log(25/1500)-  -125.9 
=138.1  dB. 

Based  on  Okkumura-Hatta  model  for  rural  area,  pathloss  of 
138.1  dB  corresponds  to  a  distance  of  J5,3  km. 

If  the  MES  signal  was  not  spread,  the  distance  above 
would  be: 

Pint-max  falling  into  the  BW  of  the  victim  Rx  is: 

Pint-max  =  Pmes+Gmes+Gaga  ONO+OTR-PathLoss  (9) 
Pathloss  =  30+0+0+0“  125.9 
=155.9  dB. 

Based  on  Okkumura-Hatta  model  for  rural  area,  pathloss  of 
155.9  dB  corresponds  to  a  distance  of  36.4  km. 

Therefore,  in  this  case,  spreading  signal  is  decreasing 
coordination  area  and  making  sharing  more  practical. 

5. 3.  MES  interfering  AGA  A irborne  (AIRB)  (See  Fig. } ) 

Noise  level  at  the  input  of  the  Rx  of  AGA  AIRB  is: 

P  noise  =  10*log(KtoB)  +10 
=  -174+44+10 
=  -120dBm. 

The  noise  level  may  increase  maximally  1  dB  due  to 
interference.  Therefore,  the  maximum  tolerated 
interference  power  falling  into  the  receiver  BW  is: 

Pint-max  +  P  noise  =  P  noise  +1  (10) 

Pint-max  +  -120  =  -119 
Pint-max  =  -125.9  dBm. 

Pint-max  falling  into  the  BW  of  the  victim  Rx  is: 

Pint-max  =  Pmes+Gmes+Gaga  airb+ 

OTR-Pathloss  (11) 

Pathloss  =  30+0+0+10*log(25/1500)-  -125.9 
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=138.1  dB. 

At  flying  altitude  of  10000  m,  the  radio  horizon  distance 
of  the  aircraft  is  400  km. 

Based  on  free  space  model,  pathless  at  a  distance  of  400 
km  is  only  123.6  dB  which  is  14.5  dB  less  than 
attenuation  required  for  an  acceptable  interference. 

Therefore,  in  this  case,  spreading  signal  is  not 
decreasing  coordination  area  at  all.  Any  MES  within  the 
radio  horizon  distance  of  an  aircraft  would  probably 
interfere  reception  of  an  AG  A  radio  in  an  aircraft  despite 
the  wide  spectrum  used  by  the  MES. 

It  is  clear  that  in  case  of  airborne  receptions,  sharing 
frequency  spectrum  with  base  band  waveforms  is 
preferred  rather  then  spreading  the  signal.  Eventually,  the 
existing  users  could  offer  a  single  channel  to  be  used 
exclusively  to  the  other  system. 

6.  CONCLUSIONS 

Based  on  the  examples  given  in  this  paper,  It  can  be 
concluded  that: 

a.  To  lower  PFD  values  to  allow  sharing  leads  to  a 
need  for  use  of  more  frequency  spectmm. 

b.  In  ground  to  ground  cases,  lowering  PFD  values 
by  spreading  signals  leads  to  smaller  co- 
ordination  distances. 

c.  Spreading  reduces  the  required  co-ordination 
distance  more  if  the  ratio  between  the 
bandwidths  of  the  victim  and  the  interferer  after 
spreading  is  smaller. 

d.  However,  in  airborne  cases,  spreading 
interfering  signals  does  not  lead  to  any 
reduction  of  co-ordination  distances.  The  co¬ 
ordination  distance  is  the  radio  horizon  distance 
of  the  aircraft. 

e.  If  spreading  signal  does  not  lead  to  an 
advantageous  frequency  -  distance  jamming 
curve,  keeping  the  signal  as  narrow  as  possible 
is  more  efficient  from  sharing  view  point. 

7.  RECOMMENDATIONS 

The  following  are  recommended: 

a.  To  perform  a  trade  off  between  spreading  and 
concentrating  signals  in  sharing  studies. 


b.  In  case  concentrating  signal  is  more  advantageous, 
to  consider  the  application  of  multi-level 
modulation  schemes. 

c.  To  concentrate  the  signal  if  different  authorities 
conduct  frequency  management  of  systems 
sharing  frequency  spectrum. 
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ABSTRACT 

Over  the  last  couple  of  years  the  global  market  for 
direct-to-home  (DTH)  satellite  and  cable  delivery  of 
broadcast  television  and  radio  has  seen  a 
considerable  growth.  This  growth  is  expected  to 
increase  even  further  with  the  transition  to  digital 
multi-channel  broadcasting,  improving  choice  and 
convenience  and  lowering  delivery  cost  per  viewer 
in  the  long  term.  Internet  and  other  interactive 
services  are  already  driving  that  growth. 

The  growing  demand  for  satellite  capacity  forces 
satellite  operators  to  explore  new  frequency  bands 
such  as  the  Ka-band  transmit  frequencies  27.5  - 
31.0  GHz.  Interactive  muitimedia  services  will  use 
the  29.5  -  30.0  GHz  frequency  band  that  has  a 
world-wide  exclusive  allocation  to  the  Fixed 
Satellite  Service  (FSS)  on  a  primary  basis  by  the 
international  Telecommunications  Union  (ITU). 

This  frequency  band  has  only  been  used  for 
experimental  purposes  to  date.  Standards 
specifying  the  essential  requirements  under  the 
Radio  &Teiecommunications  Terminal  Equipment 
(R&TTE)  Directive  are  needed  to  create  a  mass 
market  in  Europe.  These  standards  have  to  cover 
safety,  ElectroMagnetic  Compatibility  (EMC)  and 
effective  use  of  spectrum/orbital  resources.  Once 
a  terminal  fulfils  these  essential  requirements  it 
may  carry  a  “CE”  mark  and  can  be  placed  on  the 
European  Market  without  further  restrictions. 

Recently  the  European  Telecommunications 
Standards  Institute  (ETSI)  published  the  standards 
covering  EMC  and  effective  use  of 
spectrum/orbital  resources.  The  ASTRA 
Broadband  Interactive  System  wiil  be  one  of  the 
first  sateilite  systems  to  employ  terminals 
compliant  to  these  standards. 


1 .  SINGLE  MARKET  AND  EUROPEAN 
DIRECTIVES 

One  of  the  most  important  achievements  of  the 
European  Union  (EU)  is  the  creation  of  the  Single 
Market  consisting  of  15  member  countries.  With 
377  million  people  and  a  GDP  of  7750  Billion 
USD  this  market  is  one  of  the  biggest  in  the 
world. 

Free  movement  of  goods  is  a  cornerstone  of  the 
Single  Market.  Restrictions  to  free  movement 
have  been  diverging  national  technical  standards 
and  regulations.  The  mechanism  to  guarantee 
free  movement  of  products  is  to  prevent  trade 
barriers  by  mutual  recognition  and  technical 
harmonization.  Mutual  recognition  means  that 
products  legally  manufactured  or  marketed  in  one 
country  can  move  freely  throughout  the 
community.  Technical  harmonization  is  limited  to 
essential  requirements  that  products  placed  on 
the  Community  market  must  meet  to  benefit  from 
free  movement  within  the  Community.  These 
essential  requirements  are  defined  in  Directives 
applicable  in  all  EU  countries  [1].  The  technical 
specifications  of  products  meeting  the  essential 
requirements  are  laid  down  in  Harmonized 
Standards.  Products  manufactured  in  compliance 
with  Harmonized  Standards  benefit  from 
presumption  of  conformity  with  corresponding 
essential  requirements.  However  application  of 
harmonized  or  other  standards  remains  voluntary 
and  the  manufacturer  may  always  apply  other 
technical  specifications. 

Products  fulfilling  the  essential  requirements  laid 
down  in  one  or  more  applicable  Directives  are 
subject  to  free  movement.  A  CE  mark  on  the 
product  indicates  that  it  complies  with  the 
essential  requirements.  The  CE  marking  is  proof 
that  the  manufacturer  is  responsible  for  the 
conformity  of  his  product  to  ail  requirements  of 
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the  applicable  Community  Directives.  Hence 
Member  states  are  not  allowed  to  restrict  the 
placing  on  the  market  and  putting  into  service  of 
CE  marked  products,  unless  such  measures  can 
be  justified  with  proof  of  non-compliance. 

Essential  requirements  are  stated  in  very  broad 
terms  and  cover  a  wide  range  of  products.  It  is  the 
responsibility  of  the  European  Standardization 
Organizations  (SO)  to  derive  technical 
specification  from  these  requirements  for  specific 
products  or  product  classes.  These  technical 
specifications  are  published  in  Harmonized 
Standards.  The  Commission  formally  requests  the 
European  SOs  to  present  Harmonized  Standards 
by  issuing  a  mandate.  The  technical  contents  of 
such  standards  are  under  the  entire  responsibility 
of  the  SO.  Harmonized  Standards  provide  a 
presumption  of  conformity  with  the  essential 
requirements,  if  their  reference  has  been 
published  in  the  Official  Journal  of  the  European 
Communities  (OJEC)  and  if  they  have  been 
transposed  at  national  level.  However  it  is  not 
necessary  that  transposition  takes  place  in  all 
Member  States. 

2.  THE  R&TTE  DIRECTIVE 

The  applicable  Directive  for  all  telecommunication 
terminals  is  Directive  99/5/EC  on  Radio  and 
Telecommunications  Terminal  Equipment 
(R&TTE)  [2].  It  was  approved  by  the  European 
Parliament  on  March  9  and  published  in  the  OJEC 
on  April  7, 1999.  It  takes  effect  on  April  8,  2000. 

The  scope  of  this  Directive  covers  basically  all 
Radio  and  Terminal  equipment.  One  of  the 
exemptions  of  particular  relevance  is  broadcast 
receive  equipment. 

Essential  requirements  covered  by  the  Directive 
are 

•  the  protection  of  the  health  and  safety  of  the 
user  and  any  other  person; 

•  the  protection  requirement  with  respect  to 
EMC: 

•  radio  equipment  shall  be  constructed  so  that  it 
uses  effectively  the  spectrum  allocated  to 
terrestrial/space  radio  communication  and 
orbital  resources  so  as  to  avoid  harmful 
interference. 

The  health  and  safety  requirement  is  quite  general 
and  covers  all  aspects  of  safety  like  electricai  and 
mechanical.  It  extends  the  scope  of  the  Low 
Voltage  Directive  to  voltages  below  50  V. 

The  requirements  concerning  EMC  specify  that  the 
device  must  be  able  to  operate  in  a  certain 
electromagnetic  environment.  Neither  shall  its 
performance  be  degraded  by  electromagnetic 
disturbances  coming  from  this  environment,  nor 
shall  it  add  significant  amount  of  disturbance  to 
this  environment. 


Whereas  the  first  two  buliet  points  apply  to  all 
kinds  of  terminal  equipment  the  last  one  is  limited 
to  radio  devices.  It  shall  guarantee  that  the 
terminal  makes  efficient  use  of  the  spectrum 
and/or  orbital  resources,  which  are  by  their 
nature  scarce  resources.  The  term  “effective”  has 
not  been  defined  within  the  Directive  leaving  the 
interpretation  to  the  SOs. 

The  R&TTE  Directive  wiil  greatly  simplify  the 
approval  process,  reducing  testing  costs  and  time 
to  market.  For  terminal  devices,  where 
Harmonized  Standards  exist  the  manufacturer 
may  declare  conformity  to  the  essential 
requirements  based  upon  tests  to  the  relevant 
Harmonized  Standard(s),  with  or  without 
supervision  of  a  notified  body,  as  described  in  the 
Annexes  to  the  Directive. 

The  R&TTE  Directive  furthermore  requires  that 
operators  of  public  networks  publish  their  (air) 
interface  specification  to  such  an  extent  that 
manufacturers  can  design  and  test  equipment 
accordingly.  In  addition  the  network  operator  has 
the  obligation  to  give  access  to  all  terminals 
fulfilling  the  essential  requirements. 

3.  Ka-BAND  SATELLITE  TERMINALS 

The  scope  of  the  R&TTE  Directive  covers  all 
types  of  satellite  earth  stations  except  Television 
Receive  Only  (TVRO)  terminals.  Satellite 
terminals  operate  in  several  frequency  bands. 
Historically  satellite  services  started  with  C-band 
terminals  covering  the  4/6  GHz  frequency  band. 
The  next  frequency  band  to  be  employed  was 
Ku-band  at  11/12/14  GHz.  Limitation  of  spectrum 
and  orbital  resources  at  C  and  Ku-band  is  the 
reason  for  deployment  of  Ka-band  frequencies  at 
20/30  GHz  for  new  services.  The  ITU  has 
allocated  the  range  29.5  -  30.0  GHz  to  Fixed 
Sateilite  Service  worldwide  on  a  primary  basis.  It 
is  expected  that  these  Ka-band  frequencies  will 
be  used  for  new  interactive  multimedia  services 
based  on  a  large  number  of  uncoordinated,  small 
and  low  power  earth  stations. 

Typically  the  wavelength  A  at  Ka-band  transmit 
frequencies  is  about  1  cm.  Since  the 
performance  of  aperture  terminals  is  determined 
by  the  ratio  D/A  between  diameter  D  and 
wavelength,  Ka-band  terminals  will  perform  better 
than  equally  sized  C  or  Ku-band  equipment. 

Ka-band  radiation  is  subject  to  severe  attenuation 
by  water.  Heavy  rainfalls  can  reduce  the  power  of 
a  Ka-band  signal  by  up  to  10-20  dB.  To 
guarantee  a  reasonable  availability  of  the 
telecommunication  service,  countermeasures  like 
Uplink  Power  Controi  (UPC)  for  transmit 
terminals  or  site  diversity  for  receive  earth 
stations  may  be  necessary. 

In  satellite  system  with  UPC  the  terminal  will 
employ  one  or  a  combination  of  these 
countermeasures  during  fading  conditions: 
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•  increase  the  output  power; 

•  reduce  the  bandwidth  of  the  transmitted 
signal; 

•  increase  channelcoding  while  reducing  the 
available  data  rate  for  the  user. 

In  general  UPC  requires  powerful  amplifiers 
providing  sufficient  margin  to  counteract  rainfades. 
For  the  time  being  these  amplifiers  are  one  of  the 
main  cost  drivers  of  a  Ka-band  terminal. 

There  are  two  different  modes  for  implementing 
UPC.  In  the  closed  loop  mode  the  received  power 
of  the  transmitted  signal  is  measured  by  the 
Network  Control  Facility  (NCF).  Based  on  these 
measurements  UPC  commands  are  send  back  to 
the  terminal,  which  reacts  accordingly.  The 
disadvantage  of  this  approach  is  the  long  delay 
introduced  by  geostationary  satellites.  Considering 
typical  change  rates  for  rain  attenuation  at 
Ka-band  frequencies  of  1-2  dB/s  the  system  may 
be  too  slow  to  counteract  a  fade.  The  second 
approach  is  the  open-loop  concept,  where  the 
terminal  autonomously  performs  UPC  based  on 
the  power  of  the  received  signal  and  no  NCF 
intervention  is  required.  This  approach  suffers 
from  the  fact  that  receive  and  transmit  frequencies 
may  be  affected  differently  by  rain.  Especially 
when  reception  is  in  Ku-band  the  attenuation  of 
the  receive  signal  may  not  be  equivalent  to  the 
attenuation  of  the  transmit  signal  at  Ka-band 
frequencies. 

4.  STANDARDIZATION  OF  SATELLITE 
TERMINALS  IN  ETSI 

The  relevant  standardization  body  for  all 
Harmonized  Standards  falling  under  the  scope  of 
the  R&TTE  Directive  is  the  European 
Telecommunications  Standards  Institute  (ETSI), 
which  is  responsible  for  all  telecommunication- 
related  standards.  The  focal  point  for  all  satellite- 
related  activities  within  ETSI  is  the  Technical 
Committee  for  Satellite  Earth  Stations  and 
Systems  (TC  SES). 

In  November  1996  TC  SES  started  to  work  on 
Harmonized  Standards  for  Ka-band  terminals.  The 
Ka-band  working  group  was  created  being  and  is 
responsible  for  the  standardization  of  all  kinds  of 
Ka-band  satellite  terminals.  Work  items  for  three 
different  Ka-band  terminals  were  opened,  where 
each  work  item  covers  different  transmit  and/or 
receive  frequency  bands.  Common  to  the  scope  of 
all  three  work  items  is  that; 

•  an  NCF  is  responsible  for  the  monitoring  and 
control  of  the  transmit  functions  of  the 
terminal; 

•  the  terminals  operate  through  geostationary 
satellites; 

•  the  transmitted  signals  are  always  of  digital 
nature; 


•  the  antenna  diameter  does  not  exceed  1 .8  m. 

The  work  item  for  Satellite  Interactive  Terminals 
(SIT)  covers  equipment  transmitting  in  the  29.5- 
30.0  GHz  frequency  range  and  receiving  in  the 
10.7  -  12.75  GHz  Ku-band  frequency  range. 
Satellite  User  Terminals  (SUT)  also  transmit  at 
29.5  -  30.0  GHz  and  receive  in  the  Ka-band 
frequencies  17.7  -  20.2  GHz  as  well  as  21.4  - 
22.0  GHz.  The  third  work  item  describes 
“wideband”  SUTs  transmitting  in  the  27.5  -  29.5 
GHz  frequency  range.  Reception  is  in  the  same 
frequency  bands  as  defined  for  SUTs. 

5.  HARMONIZED  STANDARD  FOR 
EFFECTIVE  USE  OF  SPECTRUM/ORBITAL 
RESOURCES 

The  Ka-band  working  group  decided  that  the 
most  urgent  demand  was  for  standards  for  SITs 
and  SUTs.  Before  starting  work  on  a  Harmonized 
Standard,  two  voluntary  standards  should  be 
produced.  These  voluntary  standards  are  EN 
301358  [3]  for  SUTs  and  EN  301359  [4]  for  SITs. 
After  having  passed  the  ETSI  approval  process 
these  two  documents  are  now  publicly  available. 

After  having  completed  the  these  two  ENs  the 
Ka-band  working  group  started  to  work  on  the 
Harmonized  Standard  by  merging  the  two 
documents  and  modifying  some  of  the  technical 
content.  The  resulting  document  is  prEN  301  459 
[5].  The  expected  date  of  publication  is  within  the 
year  2000. 

prEN  301459  contains  the  technical  specification, 
which  a  SIT  or  a  SUT  must  be  compliant  with,  to 
fulfil  the  essential  requirement  of  effective  use  of 
orbital  and  spectrum  resources.  This  is  achieved 
by  defining  limits  for  several  types  of  emissions: 

•  off-axis  spurious  radiation; 

•  on-axis  spurious  radiation; 

•  off-axis  EIRP  emission  density  within  the 
band; 

•  transmit  polarization  discrimination  (XPD); 

•  carrier  suppression. 

In  addition  antenna  pointing  accuracy  is  specified 
as  well  as  minimum  requirements  for  Control  and 
Monitoring  Functions  (CMF).  The  document  also 
contains  detailed  test  specifications. 

5.1 .  Off-axis  spurious  radiation 
The  specification  of  this  parameter  covers  all 
kinds  of  unwanted  emission  in  the  frequency 
range  from  10  MHz  to  40  GHz  with  the  exception 
of  the  operational  frequency  band  (29.5  -  30.0 
GHz)  itself.  All  directions  are  considered  except 
for  a  cone  around  the  transmit  axis  with  an 
opening  of  7°.  The  purpose  of  this  specification  is 
to  limit  interference  into  other  services  like  e.g. 
fixed  links  but  also  satellite  services. 
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5.2.  On-axis  spurious  emission 

This  requirement  covers  ail  on-axis  emission  in  the 
operational  band  29.5  -  30.0  GHz  excluding  the 
transmitted  signal  itself.  Its  purpose  is  to  limit 
interference  with  other  services  at  the  same  orbital 
location  operating  in  the  same  frequency  band. 

5.3.  Off-axis  EIRP  density 

The  purpose  of  this  specification  is  to  limit  any 
radiation  to  satellite  systems  at  other  orbital 
locations.  When  specifying  the  off-axis  EIRP 
density  a  trade-off  has  to  be  made  between  the 
power  requirement  in  the  desired  direction  and  any 
transmission  in  the  unwanted  direction.  Increasing 
the  power  density  of  the  transmitted  signal 
automatically  increases  interference  with 
neighbouring  satellite  system.  Therefore  the 
specification  has  to  take  into  account  the  typical 
orbital  separation  of  satellites  as  well  as  the 
satellite  G/T,  which  is  related  to  the  satellite 
receive  spot  beam  size.  Furthermore  the  specified 
limits  will  determine  the  minimum  antenna  size  and 
the  maximum  EIRP  spectral  density.  Whereas  the 
antenna  size  is  an  important  marketing  aspect  the 
latter  restricts  data  rate  and  availability. 

After  long  and  quite  controversial  discussions  the 
Ka-band  working  group  agreed  on  a  maximum 
EIRP  in  any  40  kHz  bandwidth  not  exceeding 
these  limits: 


19 -25  log  p  dBW 

for 

1  ,S^<  <])  <  7,0*^ 

-2  dBW 

for 

7,0°<  ([)  <  9,2' 

22  -  25  log  dBW 

for 

9,2°<  (t>  <  48'’ 

-10  dBW 

for 

(t)>48'’ 

Where  (])  is  the  angle,  in  degrees,  between  the 
main  beam  axis  and  the  direction  considered. 

In  general  this  specification  can  only  be  fulfilled 
with  a  minimum  antenna  size  of  at  least  65-70  cm 
and  limits  the  power  at  the  antenna  feed  to  a 
maximum  of  -10  dBWMOkHz.  It  allows  a  minimum 
satellite  spacing  of  2°  and  a  typical  satellite  receive 
spot  beam  opening  of  about  1  “. 

For  systems  using  UPC  the  limits  given  above 
apply  for  clear  sky  conditions  and  may  be 
exceeded  by  the  attenuation  of  the  transmit  signal 
relative  to  clear  sky  conditions  in  case  of  rain 
fades. 

5.4.  Cross  polar  discrimination 

This  specification  is  required  to  protect  signals  on 
the  orthogonal  polarization.  Depending  on  the 
satellite  system  architecture  the  XPD  requirements 
may  vary.  The  XPD  specification  of  20  dB  provides 
sufficient  protection  for  satellite  spotbeam  systems 
without  polarization  reuse  in  a  spotbeam.  More 
stringent  requirements  for  satellite  systems  with 
polarization  reuse  in  a  spotbeam  will  be  subject  to 
contractual  agreements  for  the  use  of  the  space 
segment. 


5.5.  Carrier  suppression 

This  specification  limits  the  radiated  power,  when 
the  terminal  is  in  the  transmission  disabled  state. 

5.6.  Antenna  pointing  accuracy 

This  requirement  shall  guarantee  that  the 
antenna  can  be  adjusted  and  fixed  with  typically 
0.1°  pointing  accuracy.  Only  for  the  mechanical 
capabilities  of  the  antenna  are  specified.  The 
installation  process  is  not  covered! 

Furthermore  the  antenna  shall  withstand  wind 
speeds  of  100  km/h  with  gusts  of  130  km/h 
without  any  sign  of  permanent  distortion  and  no 
need  to  repoint. 

5.7.  Control  and  monitoring  functions 

A  minimum  set  of  CMFs  shall  be  implemented  in 
the  terminals  to  minimize  the  probability  that  they 
create  unwanted  transmission: 

•  Most  important  is  the  “no  transmission 
without  reception”  principle  ensuring  that  the 
terminal  only  transmits  when  it  receives  the 
control  channel  signal  of  the  satellite  system 
it  wants  to  access.  This  requirement 
guarantees  a  proper  alignment  of  the 
antenna  to  the  desired  satellite  and 
minimizes  interference  into  other  satellite  or 
terrestrial  systems.  In  addition  transmission 
has  to  stop  as  soon  as  the  control  channel  is 
lost.  This  may  happen  because  of 
misspointing  or  by  human  beings  standing  in 
front  of  the  antenna. 

•  The  terminal  has  to  monitor  all  transmission 
related  sub  systems  and  stop  transmission 
immediately  when  it  has  detected  a 
p-processor  or  transmit  sub  system  (e.g. 
local  oscillator)  error. 

•  In  general  the  terminal  may  only  transmit, 
when  it  has  received  a  transmit  validation 
from  NCF.  The  only  exception  is  an  initial 
burst  required  by  some  systems  after 
power-on  of  a  terminal  for  first  network 
access.  Because  this  burst  may  interfere,  its 
duration  and  frequency  are  limited. 

•  Each  terminal  must  provide  a  unique 
identification  in  the  network  to  allow  the  NCF 
to  switch  off  any  terminal  via  the  control 
channel. 

6.  ESSENTIAL  REQUIREMENTS  ON  SAFETY 
AND  EMC 

Beside  compliance  to  the  essential  requirement 
of  effective  use  of  spectrum/orbital  resources 
Ka-band  terminals  must  also  be  compliant  with 
the  essential  requirements  on  safety  including 
health  and  EMC.  EN  300  673  [6]  contains  the 
essential  requirements  for  EMC  for  all  kinds  of 
satellite  earth  stations  operating  in  the  FSS 
bands  of  C,  Ku  and  Ka-band  frequencies. 
Concerning  safety  and  health  issues  no 
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document  specific  to  satellite  earth  stations  exists. 
Guidance  on  these  issues  can  be  found  in  EN 
60950  [7]  and  ENV  50166-2  [8]. 

7.  ASTRA  BROADBAND  INTERACTIVE 
SYSTEM 

The  ASTRA  BroadBand  Interactive  (BBI)  system 
will  be  one  of  the  first  satellite  systems  to  employ 
SITs  in  its  network.  The  BBI  system  provides  a 
Ka-band  return  path  at  29.5-30.0  GHz  transmitted 
from  a  SIT  located  at  the  user  premises,  thus 
complementing  new  and  existing  ASTRA  Ku-band 
forward  path  services  by  forming  a  2-way  end-to- 
end  network  via  satellite.  The  NCF  being  a  part  of 
the  Network  Control  Centre  (NCC)  assigns  all 
bandwidth  and  power  resources  and  controls  the 
log-on,  authorisation  and  transmission  of  the  SITs 
via  a  forward  signalling  path  in  Ku-band 
frequencies.  The  forward  channel  consists  out  of  a 
standard  Ku-band  DVB-S/MPEG-2  broadcast 
signal  that  uses  Multi-Protocol  Encapsulation 
(MPE)  [9]  to  provide  services,  including  IP 
multicast,  to  selected  users  and  user  groups  at  up 
to  38  Mbit/s. 

The  SITs  providing  the  Ka-band  satellite  return 
path  from  the  individual  user  or  group  of  users  will 
consist  of  fixed,  small  antenna  (e.g.  75  cm)  and  an 
Indoor  Unit  which  can  be  connected  via  1 0BaseT 
to  a  multimedia  PC  or  a  Local  Area  Network. 

The  return  path  data  received  by  the  NCC  is  then 
routed  to  its  final  destination  either  via  a  Ku-band 
forward  path  or  terrestrially. 

The  satellite  access  protocol  is  based  upon  Multi- 
Frequency  Time  Division  Multiple  Access  (MF- 
TDMA)  and  allows  each  SIT  to  dynamically 
request  the  satellite  capacity  required  to  transmit 
its  traffic.  The  NCC  will  allocate  the  necessary  time 
and  frequency  slots  to  the  individual  SITs  and  will 
provide  synchronisation  information  to  the 
network. 

The  initial  end-to-end  network  is  IP-based  and 
provides  the  industry  standard  IPSec  and  its 
associated  key  distribution  mechanism  for  security. 
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Defective  space  systems  are  no  longer  ghost 
systems:  their  number  is  gradually  increasing  and 
must  no  longer  be  neglected.  This  evolution  urges  the 
development  of  adequate  regulatory  and  enforcement 
instruments  to  prevent  further  deterioration  of  the 
electromagnetic  environment  for  non-space 

applications.  The  paper  explains  some  typical 
examples  of  defective  space  systems  and  especially 
their  impact  on  passive  radiocommunication  services, 
i.e.  radio  astronomy,  and  recommends  actions  to 
improve  the  situation. 

:  To  contribute  to  the  improvement  of  the 
situation,  it  is  recommended  that  organizations  as  the 
ITU,  European  Commission,  the  CEPT  and  space 
organizations  develop  an  adequate  strategy  to 

manage  defective  space  systems  and  several 
recommendations  to  improve  international  regulation 
and  development  of  enforcement  tools  for 

administrations  are  made. 

1.  INTRODUCTION 

With  the  increasing  number  of  space  systems  the 
related  EMC  issues  increase  as  well.  In  the  design  of 
the  space  stations  the  radio  frequency  protection  of 
and  the  compatibility  with  other  systems  must  be 
taken  into  account  similar  as  all  other 

radiocommunication  systems  have  to  do.  Commercial 
and  technological  limitations  may,  however,  lead  to 
space  systems  which  do  not  comply  to  EMC  criteria 
as  they  apply  to  terrestrial  systems.  This  observation 
leads  to  distinguish  the  following  categories  of  space 
systems: 

“  a  space  system  in  which  protection  of  other  radio 
applications  has  been  or  will  be  implemented; 

-  a  space  system  which  is  improved  to  protect  other 
radio  applications; 

-  a  space  system  in  which  by  design  no  protection  of 
other  radiocommunication  services  has  been  built  in; 

-  a  space  system  which  causes  harmful  interference  to 
other  radiocommunication  services  because  of 
malfunctioning  of  system  components. 

This  paper  discusses  the  issue  of  noted  EM- 
incompatibility  between  space  systems  and  passive 
applications,  both  space  and  terrestrial  This  is  partly 
due  to  the  allocation  status  of  different  space  and 


terrestrial  radiocommunication  services  sharing  the 
same  frequency  band  or  in  bands  adjacent  to  each  other 
in  the  ITU-R  Radio  Regulations  [6].  Another 
observation  which  must  be  made,  is  that  at  present 
adequate  EMC  guidelines  and  regulations  are  lacking 
for  space  systems.  This  environment  bears  the  potential 
of  the  development  of  defective  space  systems. 

It  should  furthermore  be  noted  that  various 
spectrum  policy  positions  recently  developed  by 
organizations  such  as  the  European  Commission,  EC, 
have  been  written  primarily  from  the  perspective  of 
terrestrial  use  of  radio  [5].  At  international  level  a  view 
on  a  regulatory  strategy  on  defective  space  systems  is 
lacking.  In  many  cases,  these  defects  are  known 
because  they  generate  harmful  interference  or  produce 
some  other  negative  impact  on  other  systems.  We  note 
that  the  comments  of  the  ESF  Committee  in  Radio 
Astronomy  Frequencies,  CRAF,  to  the  EC  spectrum 
policy  document  [3]  have  not  found  any  reflection  in 
the  final  version  of  the  EC  Green  Paper  on  this  issue 
[5]. 

An  adequate  strategy  on  defective  space  systems 
and  regulatory  improvements  are  of  great  help  to 
Administrations,  especially  when  it  is  notified  that  there 
are  reasons  to  expect  that  the  extent  and  impact  of  this 
problem  on  other  applications  of  radio  (space  based  or 
terrestrial)  is  rapidly  increasing.  In  various  groups, 
studies  arc  done  to  develop  technical  criteria  which 
could  be  fed  in  into  EMC  regulation.  However,  a 
strategy  on  defective  space  systems  has  such  a 
complicating  aspect  that  some  operators  of  space 
applications  are  reluctant  to  pay  adequate  attention  to 
system  quality  if  in  their  view  this  is  not  commercially 
viable.  Furthermore,  it  is  general  practice  that  for  space 
systems  operating  in  the  fixed-satellite  and  mobile- 
satellite  services  no  mitigation  factors  are  considered 
and  all  burden  from  compatibility  issues  is  put  on  the 
terrestrial  services. 

The  paper  finally  summarizes  recommendations  for 
regulatory  improvements. 

2.  SPACE  SYSTEMS  AND  PASSIVE 
APPLICATIONS 

A  passive  service  is  a  receiver-only 
radiocommunication  application.  The  paramount 
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example  of  a  passive  service  is  radio  astronomy  for 
which  the  transmitter  is  a  physical  process.  Radio 
astronomy  cannot  have  any  influence  on  the 
transmitting  source  nor  on  the  frequency  this  source 
likes  to  transmit.  All  other  radiocommunication 
services  control  both  a  transmitter  and  receiver  which 
both  can  be  manipulated  by  man.  The  difference 
between  the  nature  of  an  active  service  and  a  passive 
service  is  the  major  cause  of  the  vulnerability  of  radio 
astronomy  to  interference  from  active  services.  For 
radio  astronomy,  this  vulnerability  is  enhanced  by  the 
fact  that  the  received  signals  from  celestial  radio 
sources  are  of  the  order  of  J(f  times  weaker  than 
common  practice  in  active  service  applications. 

Terrestrial  passive  services  are  especially 
susceptible  for  interference  from  aeronautical  and 
space  systems  because  transmissions  from  such 
system  can  easily  enter  directly  into  the  main  lobe  of 
the  antenna  beam  of  a  receiving  installation.  Passive 
space  systems  receive  interference  from  other  space 
systems  through  the  sidelobes  of  their  antennas  and 
also  from  ground  stations,  of  course.  Active  space 
systems  should  have  been  equipped  with  adequate 
filtering,  spectrum  modulation  and  beam  shaping  to 
prevent  interference  to  other  services  including 
passive  services.  It  is  obvious  that  defective  space 
systems  generate  significant  EM-incompatibility  with 
passive  earth  and  space  stations  [1][8],  A  space 
station  for  passive  use  of  radio  is  e.g.  the  Japanese 
satellite  for  Very  Long  Baseline  Interferometry, 
HALCA,  which  operates  as  an  element  of  terrestrial 
VLBI  networks.  Such  a  station  is  susceptible  for 
interference  from  Earth-to-space  transmissions. 

The  vulnerability  for  defective  space  system  is 
enhanced  by  allocations  of  frequency  bands  for 
space-to-Earth  transmissions  adjacent  to  passive 
services  as  occurs  in  many  places  in  the  ITU-R  Radio 
Regulations  [6]. 

3.  ON  THE  MEANING  OF  ‘DEFECT’  AND 
‘DEFECTIVE’ 

We  understand  that  ‘a  defect  apparatus’  is  ‘not 
satisfying  its  design  objectives  or  required  quality  of 
operation’.  In  this  context  ‘defective’  in  the  context 
of  radiocommunication  systems  is  defined  as 
‘generating  malfunctioning  of  other  radio  systems  or 
system  components’. 

3.1.  Internal  system  defect 

A  system  is  considered  to  be  defective  when 
because  of  defects,  it  cannot  function  according  to  the 
requirements  set  by  the  design  objectives. 

3.2.  External  system  defect 

With  respect  to  other  systems,  a  defective  system 
has  degrading  impact  on  the  correct  functioning  of 
one  or  more  of  the  other  systems.  Interpreted  in  this 


way,  a  defective  system  generates  EM-incompatibility 
between  systems  and  apparatus. 

Following  this  interpretation,  a  defective  space 
system  is  a  system  that  generates  EM-incompatibility 
with  other  systems  and  apparatus. 

In  this  document,  we  address  the  issue  of  systems 
which  are  EM-incompatible  with  other  systems  and 
apparatus.  Obviously  this  issue  is  not  limited  to  passive 
services  only,  although  they  are  the  first  to  suffer. 

4.  EXAMPLES 

Typical  examples  of  defective  systems  which  cause 
significant  and  irrecoverable  damage  to  scientific 
research  using  radio  frequencies  are  (see  Table  1  for  a 
summary): 

"  the  US  military  satellite  TEX  at  328  MHz; 

-  the  Russian  system  for  radionavigation  by  satellite 
GLONASS  at  1.6  GHz; 

-  the  US  based  satellite  system  for  mobile 
communication  by  satellite  Iridium  at  1.6  GHz  for  the 
user  links; 

-  the  fixed-satellite  system  ASTRA  1-D  operated  by  a 
Luxembourg  based  operator  at  10.7  GHz. 

4. 1 .  The  TEX  satellite 

In  1992,  radio  astronomers  detected  in  the  322.0  - 
328.6  MHz  band  harmful  interference  from  a  space 
station  which  was  at  that  time  unknown.  In  the 
frequency  band  322.0-328.6  MHz  the  Fixed,  Mobile 
and  Radio  Astronomy  services  enjoy  a  primary  (shared) 
allocation.  Because  of  this  allocation  situation,  the 
operations  of  a  space  station  in  this  band  were  not 
expected:  they  do  not  comply  with  the  ITU-R  Radio 
Regulations. 

After  several  years  of  investigation  it  turned  out 
that  the  interfering  source  was  a  US  military  satellite 
launched  on  April  11,  1990:  the  TEX  satellite.  The 
service  of  this  satellite  ended  in  June  1991.  However,  it 
was  recognized  by  the  company  currently  responsible 
for  the  operations  of  the  satellite  that  the  transmissions 
of  the  satellite  were  not  stopped  after  its  exploitation 
ended:  the  system  kept  transmitting  a  signal  at  a 
frequency  of  328.25  MHz.  The  system  could  not  be 
made  silent  because  intentionally  the  system  has  no 
"off’-switch  to  prevent  fatal  unintentional  shutdown 
and  it  can  still  receive  commands  and  download 
telemetry.  Also  the  transmissions  into  the  direction  of 
the  earth  cannot  be  suppressed  by  changing  the  attitude 
of  the  object  because  the  TEX  gravity  gradient  boom 
was  damaged  during  the  process  to  bring  the  satellite 
properly  in  orbit. 

By  continuous  control  from  ground  stations  the 
system  is  kept  silent  [11].  For  a  final  solution  of  the 
issue,  we  have  to  wait  until  the  space  system  brakes 
down. 

4.2.  The  GLONASS  system 
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Interference  caused  by  GLONASS  transmissions 
in  the  band  1610.6  -  1613.8  MHz  degraded  radio 
astronomical  observations  dramatically  in  the  years 
between  the  launch  of  the  first  GLONASS  satellites. 
With  the  full  GLONASS  constellation  the  band 
1610.6  -  1613.8  MHz  would  be  closed  for  any  radio 
astronomical  research.  In  1993  the  Inter-Union 
Commission  on  the  Allocation  of  Frequencies, 
lUCAF,  representing  the  international  radio 
astronomy  community  and  the  GLONASS 
administration  agreed  on  a  step-by-step  plan  to  clear 
the  band  1610.6-1613.8  MHz  of  interference  by 
GLONASS.  The  plan  involves  the  improvement  of 
satellite  design,  moving  the  satellite  frequencies  to  an 
adjacent  band,  and  the  filtering  of  their  unwanted 
emissions.  By  2005  this  plan  will  be  completed  as 
agreed. 

The  modernized  system  will  use  the  same 
modulation  as  the  current  one  [1][2][7]. 

4.3.  The  Iridium  system 

The  WARC  1992  allocated  the  band  1610.6- 
1613.8  MHz  to  the  Radio  Astronomy  Service  on  a 
primary  basis.  It  also  allocated  the  band  1610-1626.5 
MHz  to  the  Mobile-Satellite  Service,  MSS,  (Eanh-to- 
space)  on  a  primary  basis.  MSS  (space-to-Earth)  got  a 
secondary  status  in  the  band  1613.8-1626.5  MHz. 
Furthermore,  in  the  itU-R  Radio  Regulations  a 
footnote  was  added  to  the  band  1610-1626.5  MHz 
whish  states  that  harmful  interference  shall  not  be 
caused  to  stations  of  the  radio  astronomy  service 
using  the  band  1610.6  - 1613.8  MHz  by  stations  of  the 
radiodetermination-satellite  and  mobile-satellite 
services. 

The  Iridium  Satellite  System  uses  the  band 
1621.35-1626.5  MHz  for  both  Earth-to-space  and 
space-to-Earth  transmissions.  The  Iridium  system  was 
designed  and  built  by  Motorola  Inc,  who  wrote  to 
lUCAF  in  1991  that  it  was  aware  of  the  issue  of  the 
protection  of  radio  astronomy  in  the  band  1610.6- 
1613.8  MHz  and  that  "Motorola’s  goal  is  to  share 
frequencies  in  a  manner  that  will  not  interfere  with 
radio  astronomy  or  other  MSS/RDSS  services." 

In  the  course  of  time  it  became  clear  that 
Motorola  did  not  implement  measures  in  the  Iridium 
system  to  protect  any  radiocommunication  service  as 
can  be  read  from  the  publications  on  the  design  of  the 
system  (as  can  be  extracted  e.g.  from  its  Main 
Mission  Antenna  Concept  [10]).  Motorola  Inc 
showed  that  the  space-to-Earth  transmissions  in  the 
band  1621.35-1626.5  MHz  will  cause  harmful 
interference  of  up  to  30  dB  above  the  levels  for 
detrimental  interference  for  radio  astronomy  as  given 
in  ITU-R  Recommendation  RA769  presumably 
except  during  periods  of  low  communication  traffic. 

Although  the  situation  for  the  service  links  at  1.6 
GHz  is  well-known,  the  inter-satellite  link 
transmission  case  causing  harmful  interference  to 
radio  astronomy  in  the  frequency  range  22-23  GHz  is 
still  under  study. 


Concrete  planning  of  improvement  of  the  next 
generation  of  Iridium  satellites  is  not  known  to  the 
author  of  this  document  and  does  presumably  not  exist. 

4.4.  ASTRA 

The  frequency  band  in  which  the  Radio 
Astronomy  Service  has  a  primary  allocation,  i.e.  10.6  - 
10.7  GHz,  is  adjacent  to  the  band  allocated  to  the 
Fixed-Satellite  Service,  i.e.  10.7-11.7  GHz.  Out-of- 
band  emissions  into  the  band  10.6  -  10.7  GHz  caused 
by  the  GDL-6/ASTRA-1D  satellite  operating  at  a 
frequency  of  10.71  GHz  makes  radio  astronomical 
observations  in  the  geographical  area  served  by  the 
ASTRA  system  impossible.  The  operator,  Societi 
Europeenne  des  Satellites  in  Luxembourg,  was 
informed  by  CRAF  about  this  harmful  interference 
which  is  as  measurements  show  30  dB  above  the  level 
of  detrimental  interference  a  radio  astronomy  station 
can  tolerate  in  this  frequency  band. 

The  operator  confirmed  the  validity  of  the 
complaint  of  CRAF.  Following  investigations  by  the 
operator,  the  latter  concluded  that  the  uplink 
transmissions  had  to  be  improved.  This  improvement 
turned  out  to  alleviate  the  problem  to  some  extent  but 
far  not  sufficient  to  re-open  the  frequency  band  10.6- 
lOJ  GHz  for  radio  astronomy  operations  by  stations  in 
the  geographical  area  served  by  ASTRA  [9).  A  defect 
in  the  satellite  itself  may  or  may  not  be  the  cause. 

At  present  no  perspective  exists  that  the  problem 
will  be  solved  before  the  (i.e.  geostationary)  satellite 
will  be  replaced. 

5.  REGULATIONS 

As  noted  in  the  introduction,  a  view  on  a  regulatory 
strategy  on  defective  space  systems  is  lacking.  Also, 
adequate  EMC  guidelines  and  regulations  for  space 
systems  are  not  available. 

In  the  examples  given  above,  the  acuteness  of  the 
impact  of  the  defective  systems  has  been  removed  by 
different  measures: 

-  the  entity  currently  responsible  for  the  maintenance  of 
the  TEX  satellite  has  taken  measures  to  keep  the 
satellite  silent  by  operational  action  at  ground  stations; 

-  GLONASS  is  improving  its  system  to  improve 
compliance  with  the  ITU-R  Radio  Regulations  and  the 
protection  of  the  radio  astronomy  service; 

-  Motorola  Inc  and  Iridium  LLC  have  made  agreements 
with  radio  astronomy  entities  to  regulate  the  pollution 
generated  by  the  Iridium  system  [4].  This  approach 
does  obviously  not  comply  with  the  ITU-R  Radio 
Regulations  and  generates  regrettable  precedents  that 
may  dilute  the  status  of  the  ITU-R  Radio  Regulations 
and  ultimately  of  an  international  treaty  [12].  However, 
since  a  clear  view  on  EMC  guidelines  and  regulations 
for  space  systems  and  a  strategy  on  defective  space 
systems  is  lacking  at  entities  such  as  the  World  Trade 
Organisation  and  the  European  Commission,  their 
national  equivalents  and  regulatory  authorities 
significantly  dominated  by  industry  such  as  the  US 


Federal  Communication  Commission,  FCC,  the 
political  pressure  on  radio  astronomers  to  accept 
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agreements  such  as  those  with  Motorola  Inc  and 
Iridium  LLC  was  tremendous; 


System 

Issue 

Defect 

Perspective 

Responsible  entity 

TEX 

Transmission  in  band  not 
allocated  to  space  service 
(frequency:  328.25  MHz) 

No  on/off  switch 

Operational  action  to 
keep  suppress 
transmissions  until 
satellite  ‘dies’ 

US  Department  of 
Defense 

GLONASS 

Operations  within  and 
adjacent  to  the  band 
1610.6-1613.8  MHz. 

Inadequate 
suppression  of 
interfering  signal 

System  is  gradually 
improved  to  have  the 
interference  removed 
by  2005 

GLONASS 

administration 

IRIDIUM 

Spurious  emission  from 
the  band  1616.5-1621.35 
MHz  into  the  band  1610.6- 
1613.8  MHz. 

Design  j 

No  perspective  for 
improvement 

Manufacturer: 
Motorola  Inc 
Operator:  Iridium 
LLC 

ASTRA  1-D 

Harmful  interference  from 
out-of-band  emission  into 
the  band  10.6-10.7  GHz  to 
the  radio  astronomy 
service. 

Space  station 
system  defect? 
Also:  wrong 
allocation: 
downlink  adjacent 
to  passive  service 

Currently  no 
perspective  for 
improvement 

1 

ASTRA/SES 

Table  1:  Typical  examples  of  defective  space  systems 


-  The  ASTRA  case  has  not  been  solved  yet  in  ways 
similar  to  the  possibilities  just  mentioned  and  the 
discussion  to  address  the  adjacent  band  issues  for  the 
Fixed-Satellite  Service  in  the  frequency  band  10.7- 
12.75  GHz  is  subject  to  further  consideration  within 
the  CEPT.  ASTRA  continues  to  transmit  as  a 
broadcasting  satellite  to  household  TV  systems  and 
the  assumed  customer  interests  are  considered  to  have 
higher  priority  than  action  by  the  operator  to  comply 
with  international  public  law,  i.e.  the  ITU-R  Radio 
Regulations  [6]  and  moreover  with  umbrella  treaties 
such  as  the  UN  Outer  Space  Treaty  [13]. 

These  examples  show  very  clearly  the 
consequences  of  a  lacking  view,  strategy  and 
regulation  for  defective  space  systems.  It  must  be  said 
that  the  ITU-R  Radio  Regulations  contain  some 
articles  that  address  space  system  operations  and  their 
cessation,  such  as  article  S22.1  which  says  that  space 
systems  shall  be  fitted  with  devices  to  ensure 
immediate  cessation  of  their  radio  emission  by 
telecommand,  whenever  such  cessation  is  required 
under  the  provisions  of  these  Regulations  but  in 
general  the  Radio  Regulations  do  not  go  beyond 
stating  that  space  systems  shall  not  cause 
unacceptable  interference  to  other  systems  and 
contain  therefore  tables  with  power  flux  density 
levels  that  must  not  be  exceeded.  Furthermore,  the 
example  of  the  TEX  satellite  shows  that  apparently  an 


article  as  S22,l  which  is  very  relevant  for  handling  of 
defective  systems  can  be  interpreted  in  such  a  way  that 
the  manufacturer  of  a  space  station  does  not  consider 
himself  bound  by  this  regulation. 

In  the  examples  given  above,  the  problems  with  the 
TEX  satellite  and  the  GLONASS  system  are  managed 
in  compliance  with  the  ITU-R  Radio  Regulations  but 
obviously  the  other  mentioned  systems  can  continue 
their  operations  although  they  violate  these  regulations 
when  commercial  interest  is  given  priority. 

6.  RECOMMENDATIONS 

In  order  to  improve  the  handling  of  defective  space 
systems,  the  following  recommendations  could  be 
considered: 

-  articulation  of  the  UN  Liability  Convention  to  issues 
related  with  defective  space  systems  into  subsequent 
regulation  of  the  issue  [13]; 

-  improvement  of  the  definition  of  damage  from  the  UN 
Liability  Convention; 

-  international  regulation  to  handle  defective  space 
systems.  In  such  regulation  key  elements  should  be: 

a.  public  interest  has  higher  priority  than  commercial 
interest  of  the  private  party  responsible  for  the  defective 
system; 

b.  the  ITU-R  Radio  Regulations  clauses  addressing 
e.g.  necessary  cessation  of  space  system  operations 
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(such  as  article  S22.1)  need  improvement  to  enhance 
the  responsibility  obligations  for  the  space  systems 
and  to  provide  Administrations  with  adequate 
enforcement  instruments  regarding  defective  space 
systems; 

c.  extend  the  liability  towards  victims  of  defective 
space  systems  to  administration  which  gave  a  license 
to  the  application  of  the  defective  space  system  on  its 
territory; 

-  development  of  adequate  satellite  monitoring 
facilities  to  support  administrations  in  their  handling 
of  the  issue  of  defective  space  systems; 

-  development  of  internationally  accepted  procedures 
to  provide  enforcement  tools  to  Administrations  in  the 
issue  of  defective  space  systems.  Issues  which  need 
improvement  are  licensing  and  legislation  to  support 
enforcement  to  manage  defective  space  systems. 
Licensing  should  not  be  restricted  to  the  country  from 
which  territory  a  space  system  is  launched  or  the 
country  which  hosts  the  base  office  of  the  space 
system  operator  [13]; 

-  development  of  a  regime  in  which  the  licensing  of 

space  system  is  made  subject  to  the  administrative 
approval  of  the  demonstrated  mitigation  techniques 
and  measures  implemented  in  the  space  station  to 
safeguard  spectrum  purity  and  prevent  harmful 

interference  to  other  applications  using  the 
electromagnetic  environment; 

-  regulations  to  assist  victim  services  and  bodies  in 
the  quantification  of  the  claims  against  defective 
space  systems; 

-  improvement  and  adjustment  of  relevant  regional 
and  national  legislation  wherever  necessary. 

7.  CONCLUSIONS 

Defective  space  systems  are  no  longer  ghost  systems: 
real  daily  practice  shows  that  their  number  is 

gradually  increasing  and  must  no  longer  be  neglected. 
This  evolution  urges  the  development  of  adequate 
regulatory  and  enforcement  instruments  to  prevent 
further  deterioration  of  the  electromagnetic 
environment  for  non-space  applications.  This  issue 
should  find  a  place  high  on  the  agenda  of 
organizations  such  as  the  ITU,  the  EC,  the  CEPT  and 
national  administrations. 
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This  paper  provides  an  analysis  of  the  risk  of  inter¬ 
ference  resulting  from  aircraft  exposure  to  the  main 
beam  of  a  satellite  terminals  of  various  types. 

Presented  analysis  aimed  at  determining:  the  pa¬ 
rameters  of  electromagnetic  exposure  experienced  by 
an  aircraft  during  landing  approach.  Three  kinds  of  ter¬ 
minals  SNG,  VSAT  and  SIT  were  analysed.  The  results 
were  compared  with  vulnerability  limits  of  existing  stan¬ 
dards.  To  complete  the  analysis  some  results  of  fuse¬ 
lage  attenuation  measurements  done  by  ERA  Technol¬ 
ogy  (UK)  are  described.  In  the  conclusion  the  potential 
risk  of  interference  from  various  satellite  terminals  is 
discussed. 


1.  INTRODUCTION 

With  the  ever  increasing  use  of  Very  Small  Aperture 
Terminals  (VSAT)  and  Satellite  News  Gathering  Trans¬ 
portable  Earth  Stations  (SNG  TES)  there  is  an  urgent 
need  to  define  the  potential  risk  of  Interference  to  air¬ 
craft  passing  through  the  main  beams  of  such  stations. 
This  problem  was  raised  in  ERC  during  October  1996 
meeting  and  administrations  were  encouraged  to  con¬ 
tact  their  national  Civil  Aviation  Authority  to  get  informa¬ 
tion  on  this  subject.  Except  for  Denmark  no  other  Ad¬ 
ministrations  have  taken  measures  as  to  limit  the  use  of 
SNG  and  VSAT  terminals  in  close  proximity  to  airports 
and  glide  paths. 

This  paper  provides  a  detailed  analysis  of  the  risk  of 
Interference  resulting  from  aircraft  exposure  to  the  main 
beam  of  a  Satellite  Earth  Station  (SES).  Since  the  worst 
case  conditions  considered  in  the  study  for  SNG  termi¬ 
nal  pertained  to  the  near-field  zone  of  the  antenna,  use 
is  made  of  the  near-field  radiation  model  [1]. 

The  risk  of  interference  to  airborne  electronic  equip¬ 
ment  depends  not  only  on  the  level  of  electromagnetic 
exposure,  but  also  on  the  attenuation  of  the  fuselage  -  a 
parameter  which  is  essential  to  the  systems  operating 
inside  the  aircraft.  Systems  involving  an  external  an¬ 
tenna  as  one  of  their  elements  must  be  analysed  sepa¬ 
rately  for  the  interference  transferred  via  this  antenna. 
Investigations  into  aircraft  fuselage  attenuation  were 
carried  out  In  Great  Britain  [2].  The  paper  Includes  a 
brief  description  of  these  studies  and  of  the  results  ob¬ 
tained  in  the  frequency  range  which  applies  to  trans¬ 
missions  via  VSAT  and  SNG  terminals. 

The  risk  of  Interference  to  airborne  electronic  equip¬ 
ment  varies  according  to  the  parameters  of  the  interfer¬ 


ence  itself  and  according  to  the  vulnerability  of  the 
equipment  to  relevant  type  of  exposure.  It  is  therefore 
essential  to  determine  the  vulnerability  levels  at  which 
the  functioning  of  the  apparatus  is  not  substantially 
distorted.  In  Britain,  vulnerability  tests  have  been  carried 
out  [3]  for  some  parts  of  the  airborne  equipment.  It  is  a 
well  established  fact  that,  having  calculated  the  shapes 
and  levels  of  electromagnetic  pulses  (by  taking  into 
account  fuselage  attenuation)  and  having  compared 
them  with  the  vulnerability  levels  of  the  exposed  elec¬ 
tronic  equipment,  we  can  establish  the  risk  of  interfer¬ 
ence  to  airborne  equipment  in  neuralgic  phase  of  the 
flight  -  during  landing. 


2.  PARAMETERS  OF  TYPICAL  VSAT,  SNG  AND  SIT 
TERMINALS 

The  analysis  of  satellite  terminals  aimed  at  determin¬ 
ing  the  shapes  and  levels  of  electromagnetic  exposure 
experienced  by  an  aircraft  during  landing  approach. 
VSAT  and  SNG  terminals  (Fig.  1  and  Fig.  2)  with  electri¬ 
cal  parameters  listed  in  table  1  were  analysed  in  [4,  5]. 


Table  1 .  Basic  parameters  of  the  typical  satellite  termi- 


Parameter 

VSAT'" 

SNG® 

sit'" 

sit'" 

Trans,  power  P 
[W] 

5 

490 

0.5 

2 

Diameter  of 
aperture  D  [m] 

1.8 

2.6 

0.6 

1.2 

Frequency  f 
[MHz] 

14.125 

14.125 

29.75 

29.75 

D/X  ratio 

85 

122 

60 

119 

Zone  boundary 

DfeM 

305 

637 

71 

286 

Domier  GmbH  VMA  -2.6/73/25 
>  SES  Astra  SIT  for  144  kbps 
’  SES  Astra  SIT  for  2048  kbps 


3,  AIRCRAFT  EXPOSURE  TO  THE  MAIN  BEAM 

A  satellite  terminal  produces  particular  threat  to  a 
landing  aircraft  which  makes  use  of  the  instrument 
landing  system  (ILS).  Any  interference  that  might  affect 
the  variety  of  measuring  and  receiving  devices  involved 
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can  lead  to  a  catastrophe.  For  this  reason,  our  analysis 
concentrates  on  this  part  of  the  flight. 


Figure  1.  Typical  VSAT  terminal 


Figure  2.  Typical  SNG  terminal 

A  typical  path  of  approach  when  the  ILS  is  used  was 
considered  [4].  For  the  needs  of  analysis  we  adopted 
the  most  common  elevation  angle  of  the  path  of 
approach  in  the  ILS,  which  amounts  to  <l)=3*. 
Irrespective  of  its  type,  the  aircraft  becomes  exposed  to 
the  beam  of  the  ILS  at  the  distance  from  18  to  13  km  (10 
to  7  nm).  At  the  height  hcr^OO  m  (1000  ft)  the  pilot  has 
to  decide  whether  he  is  landing  or  pulling  off  the 
machine.  Once  the  decision  has  been  made,  the  pilot 
cannot  change  it.  And  that  is  why  this  altitude  Is 
regarded  as  the  most  neuralgic  point  of  the  landing 
operation  -  misinformation  coming  from  the  deck  part  of 
the  ILS  may  lead  to  a  catastrophe.  The  height  of  300  m 
has  been  taken  to  analyse  the  potentiality  for  a  terminal 
induced  interference  to  the  ILS.  For  simplification, 
analysed  is  the  location  of  the  terminal  on  the  extension 
of  the  airstrip. 

The  member  countries  of  the  European  Union  direct 
their  efforts  towards  a  widespread  application  of  VSAT 
and  SNG  systems  by  liberalising  their  licence  policies. 
Operators  providing  such  services  have  been  author¬ 
ised  to  install  VSATs,  and  SNGs  wherever  necessary  or 
possible.  Advertisements  claim  that  such  systems  can 
work  at  the  user’s  or  that  they  can  provide  communica¬ 
tion  from  an  arbitrary  point  in  Europe  (which  is  of  impor¬ 
tance  in  the  case  of  SNG).  In  the  nearest  future  the  new 
type  of  satellite  terminal  SIT  with  interactive  capabilities 
will  be  available  for  everybody.  This  terminal  will  receive 


DVB-S  signal  in  band  from  the  satellite  and  use 
satellite  interactive  channel  in  Ka  band  to  send  the  re¬ 
quest  for  information  via  satellite  to  the  server.  Hence,  It 
cannot  be  excluded  that  terminals  of  that  kind  will  be 
located  at  a  point  where  the  antenna  Jlluminates"  the 
path  of  approach  immediately  before  reaching  the  criti¬ 
cal  height  at  which  the  pilot  has  to  decide  whether  to 
land  or  to  make  a  re-approach.  For  this  phase  of  the 
landing  approach,  the  variations  In  the  amplitude  of  the 
electromagnetic  field  strength  (to  which  the  aircraft  Is 
exposed)  will  be  determined. 

Taking  into  account  the  difference  in  field  strength 
determination  between  the  near  zone  and  the  far  zone 
of  the  antenna  radiation,  the  calculations  will  involve 
models  for  both  the  zones.  If  we  use  the  far  zone  model, 
initial  dissipation  of  energy  in  the  antenna  aperture  be¬ 
comes  negligible.  But  If  use  is  made  of  the  near  zone 
model,  the  physical  dimensions  of  the  antenna  aperture 
must  be  considered  [1]. 

4.  VSAT  OF  ADMISSIBLE  PARAMETER  VALUES 

From  the  results  of  the  analysis  [6]  it  can  be  inferred 
that  VSATs  of  standard  emission  parameters  produce 
the  smallest  threat  of  interference  to  the  aircrafts.  How¬ 
ever  unlike  other  terminals,  VSATs  have  a  defined  ad¬ 
missible  level  of  EIRP,  a  limited  size  of  antenna  aperture 
and  a  limited  transmission  rate.  Making  use  of  these 
parameters,  we  can  construct  a  model  of  such  a  VSAT 
that  produces  the  highest  interference  threat,  and  we 
can  analyse  it  as  if  it  were  a  standard  VSAT. 

Our  consideration,  which  pertain  to  what  is  known  as 
the  worst  case,  may  soon  become  an  Issue  of  vital  im¬ 
portance  because  of  the  more  and  more  widespread 
use  of  multi-medial  systems  with  much  higher  demands 
made  on  the  transmission  rate  than  those  made  nowa¬ 
days.  These  systems  may  incorporate  VSATs  with  pa¬ 
rameter  values  to  the  critical  ones. 

According  to  the  definition  proposed  by  ITU  (ETSI),  a 
VSAT  should  meet  the  following  requirements: 

EiRP^52  dBW/40  kHz. 

D^2,4  m  (ITU)  or  D<3,7  m  (ETSI). 

Rb:^048  kbps. 

On  that  basis  it  is  possible  to  determine  the  maxi¬ 
mum  EIRP  value  for  the  VSAT.  The  maximum  band¬ 
width  covered  by  the  VSAT  depends  on  the  modulation 
used.  The  spectral  effectiveness  p=R5/B,  for  selected 
modulations  made  use  of  in  satellite  radiocommunica- 
tlons  is  shown  in  Table  2. 


Table  2.  Spectrum  effectiveness  (in  theory  and  in  prac- 
tice)  for  different  types  of  modulation _ 


Spectrum  effectiveness  p  [b/s/Hz]  | 

Modulation 

Theoretical 

Practical 

BPSK 

0.5 

0,7  -i-  0.8 

QPSK 

1.0 

1.4-1.6 

MSK 

0,67 

0,9-  1,1 

Assuming  that  the  VSAT  makes  use  of  the  least 
spectrum-effective  modulation  (BPSK)  and  transmits  at 
an  admissible  rate  (2048  kbps),  we  can  determine  the 
width  of  the  occupied  band,  which  is  4,096  MHz  and  3.0 
MHz  in  theory  and  practice,  respectively.  EIRPrr)ax,B 
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dB)  for  the  given  band  is  defined  by  the  following  rela¬ 
tion: 


EIRP^^  B  *“  40  kHz  ^  ^ 


■'“fe) 


For  the  band  S=3  MHz  we  have: 

Eff^Pmax,  3  MH2=52+18,8=70,8  dB. 

If  the  diameter  of  the  antenna  aperture  D  is  known, 
we  are  able  to  calculate  the  power  radiated  in  the  main 
beam,  Pef^P^PPmax,  B'  ^VSAT  The  gain  of  the  an¬ 
tenna  is  defined  by  the  relation  n 


assuming  that  the  aperture  efficiency  factor  r|,  is  0,55. 
Calculations  were  carried  out  for  three  aperture  sizes: 

1.8  m,  2.4  m,  and  3.8  m.  A  standard  aperture  has  a 
diameter  of  1.8  m,  so  our  previous  calculations  were 
performed  for  this  value.  Aperture  diameter  of  2.4  m  and 

3.8  m  are  acceptable  in  terms  of  ITU  and  ETSI  recom¬ 
mendation,  respectively.  Table  3  gathers  the  calculated 
values  of  gain  G\/s>^7and  of  the  power  radiated  in  the 
main  beam  Pef.  If  we  assume  that  90%  of  the  power 
supplied  to  the  antenna  is  radiated  by  the  main  beam, 
we  will  be  able  to  establish  the  required  power  at  the 
antenna  input. 


Table  3.  Power  radiated  by  VSAT  in  the  main  beam, 
allowing  determination  of  the  admissible  EIRP  values  for 
various  aperture  diameters  of  the  antenna  (14,125  GHz) 


Aperture 
diameter  [m] 

Gain 

[dBi] 

Power  Pgf 
[dBW] 

Power  Pef 
[W] 

1.8 

45,9 

29,8 

964 

2,4 

48,4 

27.3 

542 

3,8 

52,4 

13.4 

216 

Table  4.  Parameters  of  VSAT  with  EIRPmax  40 
dBW 


VSAT 

Power 

Pef 

1W| 

Aperture 

diameter 

Dim! 

Frequency 

f[MHzl 

D/X 

Zone 

boundary 

Im] 

#1 

964 

1>8 

14,125 

85 

305 

n 

542 

2,4 

14,125 

113 

542 

#3 

216 

3,8 

14,125 

179 

1360 

5.  RESULTS  OF  SIMULATION 

Making  use  of  the  models  described  in  an  earlier  pa¬ 
per  [4],  calculations  were  carried  out  for  terminals  char¬ 
acterised  by  the  parameters  listed  in  Table  1  and  4.  Two 
elevation  angles  e  were  adopted,  30®  and  10®.  These 
are,  respectively,  the  approximately  maximum  and  the 
approximately  minimum  elevation  angles  for  the  termi¬ 
nals  located  throughout  Poland  and  co-operating  with 
geostationary  satellites  [6,  7].  Figures  3  to  7  show  the 
calculated  results  obtained  with  the  two  elevation  angle 
values  for  the  purpose  of  comparison.  But  it  is  only  one 
of  the  models  that  should  be  taken  into  account.  The 
choice  depends  on  the  distance  between  the  analysed 
points  in  the  path  of  approach  and  the  satellite  station.  If 
this  distance  is  longer  than  that  to  the  far  zone,  the 
electromagnetic  field  strength  must  be  established  in 


terms  of  the  far-zone  model.  If  not,  use  should  be  made 
of  the  near-zone  model.  The  field  strength  amplitude  for 
the  relevant  model  is  shown  by  the  solid  line.  There  is 
the  distance  between  the  antenna  and  the  points  under 
analysis  and  distances  to  the  far  zone  presented  in  the 
pictures.  The  speed  with  which  the  aircraft  travels  during 
landing  approach  was  assumed  to  be  77  m/s  (about  280 
km/h)  in  every  instance. 

The  first  two  figures  present  result  of  simulation  for 
SIT.  Two  types  of  SIT  were  analysed  [8].  The  first  one 
for  small  bit  rate  144  kbps  and  the  second  one  for  high 
bit  rate  2048  kbps. 


-0.1  0.5  1.1  1.7  t[sl  2.3  2.9  3.5  4.1 

Figure  3,  Amplitude  of  electromagnetic  field  strength 
during  aircraft  travel  through  the  main  beam  radiated  by 
the  antenna  of  a  SIT  (144  kbps)  for  antenna  elevation 
angle  a)£=30®)  b)  f=f0®  {x(t)  -  distance  to  the  analysed 
points,  Df2  -  distance  to  the  far  zone) 

As  far  as  the  SIT  (144  kbps)  Is  concerned,  the  points 
of  interest  were  located  in  the  far  zone  at  the  elevation 
angle  of  30®  and  10®.  The  maximum  value  of  the  electric 
field  strength  ranged  between  1,1  V/m  (30®)  and  0.4  V/m 
(10®),  whereas  the  duration  of  aircraft  exposure  to  the 
main  beam  varied  from  0.58  s  (30°)  to  4.1  s  (10°).  Com¬ 
pared  to  the  vulnerability  levels  of  the  electronic  equip¬ 
ment  (in  the  Ku  band)  made  use  of  by  the  aircraft,  these 
values  were  of  two  orders  smaller. 

The  similar  situation  takes  place  when  SIT  with  ca¬ 
pabilities  for  transmission  rate  2048  kbps  is  analysed. 
The  points  of  interest  for  both  elevation  angles  (30®  and 
10°)  are  located  in  the  far  zone.  The  maximum  value  of 
the  electric  field  strength  ranged  between  4.5  V/m  (30°) 
and  1.6  V/m  (10®),  whereas  the  duration  of  aircraft  ex¬ 
posure  to  the  main  beam  varied  from  0.29  s  (30®)  to  2.0 
s  (10®).  The  amplitude  of  interfering  signal  radiated  from 
SIT  (2048  kbps)  is  four  times  higher  than  radiated  from 
SIT  (144  kbps)  but  it  is  still  far  below  the  vulnerability 
levels  of  the  electronic  equipment  (In  the  Ky  band)  made 
use  of  by  the  aircraft.. 
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Figure  4.  Amplitude  of  e-m  field  strength  during  aircraft 
travel  through  the  main  beam  radiated  by  the  antenna  of 
a  SIT  (2048  kbps)  for  elevation  angle  a)£=30”)  b)  0® 


Figure  5.  Amplitude  of  electromagnetic  field  strength 
during  aircraft  travel  through  the  main  beam  radiated  by 
the  antenna  of  a  typical  VSAT  for  antenna  elevation 
angle  a)£=:30®)  b)  s=10^ 

When  the  object  under  analysis  was  a  conventional 
VSAT,  the  points  of  interest  were  situated  in  the  far 
zone.  The  maximum  value  of  the  electric  field  strength 
varied  from  5.1  V/m  (30®)  to  1.7  V/m  (10°),  whereas  the 
duration  of  aircraft  exposure  to  the  main  beam  ranged 
from  0.4  s  (30°)  to  2.8  s  (10°).  Compared  to  the  vulner¬ 
ability  levels  for  the  electronic  equipment  of  the  aircraft 
[3,  5],  these  values  were  small.  It  should  be  noted  that 
the  agreement  of  results  between  the  two  methods  is 


quite  good.  Thus,  the  near-zone  model  also  applies  to 
the  far  zone. 


Figure  6.  Amplitude  of  electromagnetic  field  strength 
during  aircraft  travel  through  the  main  beam  radiated  by 
the  antenna  of  a  typical  SNG  for  antenna  elevation 
angle  (a)  £=30°.  (b)  £=70® 

As  far  as  the  SNG  terminal  Is  concerned,  the  points 
of  interest  were  located  in  the  near  zone  at  the  elevation 
angle  of  30®  and  in  the  far  zone  at  the  elevation  angle  of 
10®.  The  maximum  value  of  the  electric  field  strength 
ranged  between  42  V/m  (30°)  and  25  V/m  (10°). 
whereas  the  duration  of  aircraft  exposure  to  the  main 
beam  varied  from  0.35  s  (30°)  to  1.9  s  (10°).  Compared 
to  the  vulnerability  levels  of  the  electronic  equipment 
made  use  of  by  the  aircraft,  these  values  were  of  the 
same  order.  And  this  means  that  the  threat  of  such 
stations  to  air  traffic  is  high.  This  finding  has  been  taken 
seriously  by  some  European  countries,  and  adequate 
authorising  procedures  for  transmitting  station  operators 
have  been  Implemented  [9].  It  is  worth  noting  that  the 
results  obtained  by  the  two  methods  are  quite  consistent 
-  this  consistency  is  better  for  the  far  zone,  and  a  little 
worse  for  the  near  zone.  And  this  means  that  the  far- 
zone  model  applies  to  the  near  zone  only  to  a  limited 
extent. 

In  the  paper  there  were  only  presented  results  of 
simulation  for  VSAT#3.  As  shown  by  the  plots  of  Fig.  7, 
the  threat  produced  by  VSATs  with  maximal  admissible 
parameters  of  the  radiated  power  is  comparable  to  the 
one  produced  by  the  SNG  terminals.  It  should  be  noted 
that  SNG  terminals  are  designed  for  temporary  uses 
only,  and  VSATs  may  be  installed  for  good. 

6.  EFFICIENCY  OF  FUSELAGE  SHIELDING 

The  available  literature  provides  little  information 
about  the  efficiency  of  aircraft  fuselage  shielding  in  the 
frequency  range  of  12.5  to  15.5  GHz  and  30  GHz.  In 
April  1993,  ERA  Technology  tested  the  efficiency  of 
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fuselage  shielding  [2]  under  contract  with  Radiocom¬ 
munications  Agency,  UK  .  The  measured  results  allow 
corrections  and  determination  of  the  threat  to  airborne 
electronic  equipment  due  to  the  influence  of  satellite 
terminals. 
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Figure  7.  Amplitude  of  electromagnetic  field  strength 
during  passage  of  the  aircraft  through  the  main  beam  of 
the  VSAT#3  antenna  for  elevation  angle  of  the  antenna 
(a)  8=30“:  (b)  8=10“ 

Measurements  were  carried  out  for  six  aircraft  types: 
Piper  PA-31 -350  Chieftain,  Aerospatiale  SA  330E  Puma 
(helicopter),  Hawker  Siddeley  HS  748,  BAG  One- 
Eleven,  McDonnell  Douglas  DC-10  and  Boeing  747.  In 
most  instances,  the  attenuation  characteristics  were 
found  to  be  frequency  dependant  only  to  a  small  extend. 

The  minimum  values  of  shielding  efficiency  meas¬ 
ured  in  the  cockpit  varied  from  0  to  16  dB.  In  the  interior 
of  the  fuselage  shielding  efficiency  was  generally 
greater,  ranging  between  12  and  30  dB,  except  for 
Aerospatiale  SA  330  E  Puma,  which  had  a  negative 
efficiency  of  shielding.  This  drawback  should  be  attrib¬ 
uted  to  the  large  fuselage  planes  made  from  non-con¬ 
ducting  materials  and  to  the  internal  reflections  of  the 
incident  wave. 

As  an  example,  two  measurement  results  for  widely 
used  aeroplanes  DC-10  and  Boeing  747  are  presented 
in  Fig.  8  and  Fig.  9. 

The  results  were  influenced  by  the  angle  of 
Jllumination"  and  the  height  of  the  illuminating  source. 
The  lowest  shielding  efficiency  were  those  obtained 
when  the  cockpit  was  ..illuminated"  through  the  windows. 

Measurements  of  electromagnetic  fields  attenuation 
by  the  aircraft  fuselage  have  revealed  that  the  lowest 
shielding  efficiency  value  for  the  tested  aircrafts  was  0 
dB.  Some  of  the  aircraft,  namely  those  with  fuselage 
made  from  non-conducting  materials,  experienced  the 


effect  of  a  strengthened  field  induced  by  reflection  and 
resonance.  The  measured  negative  values  of  signal 
attenuation  approached  -6  dB. 


Section 

Min.  attenuation  in  12.5  - 15 
GHz  [dB] 

Cockpit 

7 

Front  sec. 

20 

Middle  sec. 

26 

Figure  8,  Minimum  attenuation  of  the  Douglas  DC-10 


Section 

Min.  attenuation  in  12.5  - 15 
GHz  [dB] 

Cockpit 

15 

Front  sec. 

31 

Middle  sec. 

31 

Figure  9.  Minimum  attenuation  of  the  Boeing  747  (type 


236B) 


Nowadays,  aircrafts  are  equipped  with  instruments 
which  have  been  investigated  for  Immunity  to  the  field 
strength  of  1  V/m,  as  postulated  by  the  EUROCAE  ED- 
14B  Standard  issued  in  1984.  Recent  standards  (which 
take  into  account  the  occurrence  of  high  intensity  radi¬ 
ated  fields)  require  that  the  aeronautical  equipment 
should  be  tested  for  immunity  to  field  strengths  of  the 
order  of  thousand  V/m  Table  5).  In  spite  of  this  require¬ 
ments,  the  majority  of  aircrafts  have  not  been  investi¬ 
gated  for  the  compliance  with  those  standards.  As  the 
lifetime  of  the  passenger  aircraft  or  a  fighter  varies  from 
20  to  30  years,  it  should  be  expected  that  at  least  after 
that  period  such  a  compliance  will  be  achieved. 

The  vulnerability  levels  measured  for  airborne  in¬ 
struments  were  found  to  approach  several  hundred  V/m. 
However,  a  small  percentage  (-5%)  showed  vulnerabil¬ 
ity  levels  below  100  V/m. 

There  is  also  Issue  concerned  with  characteristics  of 
interfering  signal.  Taking  into  account  the  mode  of  op¬ 
eration  of  VSATs  and  SITs  which  is  bursty  in  the  nature 
it  is  possible  to  select  three  main  phenomena  affecting 
the  electronic  equipment  installed  on  the  board  of  aero¬ 
plane  (Fig.  11); 

1 .  the  envelope  of  the  pulse, 

2.  the  short  pulses  caused  by  bursty  transmission, 

3.  the  RF  radiation  filling  the  envelope. 

These  three  elements  should  be  simulated  during  vul¬ 
nerability  tests. 
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Table  5.  Vulnerability  levels  (standards) 
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Figure  10.  Vulnerability  levels  (average  values)  accord¬ 
ing  to  EUROCAE  JAA  (93-01-18) 


Summing  up  what  has  been  said  so  far,  and  consid¬ 
ering  the  levels  of  radiation  produced  by  satellite  termi¬ 
nals,  it  can  be  inferred  that  the  SNG  terminals  and 
VSAT  terminals  (with  maximum  EIRP),  which  have  been 
installed  In  the  vicinity  of  airports  and  operate  in  Fixed 
Satellite  Service,  are  able  to  produce  interference  in  the 
functioning  of  airborne  electronic  equipment.  That  is  why 
a  co-ordination  of  aeronautical  services  with  those  pro¬ 
vided  by  the  satellite  terminals  has  become  urgent.  This 
postulate  is  in  agreement  with  the  one  formulated  by 
ERA  Technology  experts  [2]  who  reported  to  the  UK 
Radiocommunications  Agency  that  they  should  make 
use  of  the  clearance  procedure  described  in  RA  172  [9]. 


Figure  11.  Three  elements  of  the  interfering  signal 
affecting  the  airborne  electronic  equipment 


7.  CLEARANCE  METHODS 

In  the  majority  of  European  countries,  the  postulates 
of  non-neglecting  the  interaction  between  earth  stations 
and  aircraft  ILS,  or  the  demands  made  on  the  co-ordi¬ 
nation  of  the  site  and  frequency  for  VSATs  and  SNGs, 
are  not  very  strict.  In  the  advertisements  for  satellite 
earth  stations  It  is  often  claimed  that  they  can  be  in¬ 
stalled  anywhere. 

Presently  many  efforts  are  being  made  to  formulate 
adequate  requirements  for  the  protection  of  airborne 
Instruments  and  avionics  against  interference  coming 
from  VSAT  and  SNG  systems  that  have  been  installed 
in  the  vicinity  of  airports.  At  the  Sesimbra  Meeting  of 
January  1997  for  the  Working  Group  of  Spectrum  Engi¬ 
neering,  European  Radiocommunications  Commettee 
(ERC)  it  was  decided  that  the  Danish  Administration 
would  collect  data  pertaining  to  the  available  methods 
by  which  aircrafts  are  protected  against  Interference 
from  VSAT  and  SNG  systems.  The  Administrations  of 
particular  European  countries  were  encouraged  to  enter 
for  co-operation  with  their  national  Civil  Aviation  Authori¬ 
ties  in  order  to  have  up-to-date  information  about  the 
analyses  and  measurements  that  are  undenway.  The 
majority  of  Administrations  have  poor  experience  in  this 
sophisticated  domain.  The  problem  itself  is  very  difficult 
to  solve  -  the  more  so  as  some  of  the  airports  are  lo¬ 
cated  in  the  vicinity  of  the  frontier.  And  this  calls  for 
conclusive  decisions  made  on  the  forum  held  by  the 
International  Civil  Aviation  Organisation  (ICAO).  As  a 
matter  of  fact,  it  is  only  the  Danish  Administration  that 
has  imposed  a  ban  on  the  operation  of  satellite  termi¬ 
nals  in  strictly  defined  areas  around  the  airport  of  Co¬ 
penhagen  -  the  distance  between  the  aircraft  and  the 
terminal  must  not  be  shorter  than  500  m.  and  the 
adopted  admissible  electric  field  strength  level  for  the 
interfering  signal  is  50  V/m.  Polish  Authorities  do  not 
allow  to  operate  VSAT  and  SNG  in  the  area  around  the 
airport  in  which  distance  to  the  border  of  the  airport  is 
smaller  than  1000  m. 

At  the  ETS!  TC  SES  meeting  in  Vienna  (12- 
15.04.1999)  Eutelsat  reported  that  some  European 
Administrations  plan  to  use  their  own  site  clearance 
procedure  for  each  individual  VSAT  terminal  before 
permission  is  granted  for  transmission.  Some  countries 
have  unilaterally  set  technical  conditions  which  should 
be  met,  beyond  those  parameters  mentioned  in  ETSI 
Technical  Basis  for  Regulations  (TBR28)  Because  Eu¬ 
telsat  is  an  operator  of  around  30  000  terminals  in 
Europe,  it  prefers  to  follow  one  common  procedure.  The 
work  item  concerned  with  elaborating  clearance  proce¬ 
dure  for  VSATs  was  sent  to  CEPT  ERC. 

The  UK  Radiocommunications  Agency  has  establish 
a  clearance  procedure  which  must  be  followed  in  order 
to  obtain  authorisation  for  the  operation  of  transportable 
earth  stations  (TES)  and  mobile  satellite  terminals  [9] 
There  is  a  strict  requirement  that  relevant  flight  service 
must  be  kept  informed  about  any  Intended  operation  of 
a  satellite  earth  station  (SES)  if  it  is  to  be  located  at  a 
shorter  distance  than  20  km  from  the  reference  point  of 
an  airport  which  makes  use  of  the  ILS.  Relevant 
authorities  must  be  forwarded  a  notice  containing  at 
least  the  following  items:  the  position  of  the  station,  the 
azimuth  and  elevation  angle  of  the  main  beam,  and  the 
anticipated  date  and  time  of  transmission.  If  the  operat- 
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ing  conditions  of  the  intended  terminal  are  not  accept¬ 
able  to  the  airport  administration,  the  operator  will  be 
responsible  for  all  the  implications  that  might  result. 

Every  airport  making  use  of  ILS  is  surrounded  by 
what  is  known  as  a  protected  area.  Irrespective  to  the 
position  of  the  station  with  respect  to  the  airport,  the 
transmitted  beam  must  not  pass  through  this  area  un¬ 
less  the  administration  of  the  airport  or  relevant  service 
staff  are  notified.  The  notice  should  include  at  least  the 
position  of  the  station,  the  azimuth  and  elevation  angle 
of  the  main  beam,  and  the  anticipated  date  and  time  of 
transmission. 

With  such  information  at  hand,  the  operator  or  the 
representative  of  the  airport  will  be  able  to  analyse  the 
situation  and  to  decide  whether  or  not  there  is  a  threat  to 
aircraft  (aeronautical  services).  In  this  way  administra¬ 
tion  of  the  airport  is  given  the  opportunity  to  approve  or 
disapprove  of  the  intended  terminal  operation  (after 
through  analysis). 

Analysis  of  the  situation  is  carried  out  to  establish 
whether  or  not  the  main  beam  passes  through  the  pro¬ 
tected  area  [10].  If  so,  the  operation  of  the  SES  will  not 
be  approved  of.  The  question  arises  if  authorisation  for 
operation  must  be  equally  restrictive  for  low  power  sat¬ 
ellite  terminals  as  it  is  for  terminals  with  very  high  EIRP. 

8.  SUMMARY 

Taking  Into  account  the  data  obtained  by  simulation, 
as  well  as  considering  the  publications  on  the  vulner¬ 
ability  of  airborne  electronic  equipment,  the  following 
conclusions  can  be  drawn: 

1 .  Of  the  various  satellite  terminals,  considerable  threat 
comes  from  SNG  as  well  as  from  the  VSAT  terminals 
providing  satellite  services  with  maximum  EIRP.  Cur¬ 
rently  these  kinds  of  VSAT  terminals  are  developed 
[11]. 

2.  The  threat  of  typical  VSAT  terminals  to  air  services  is 
noticeably  smaller.  The  maximum  field-strength 
value  at  a  distance  of  about  several  hundred  meters 
amounts  to  several  volts  per  meter. 

3.  The  threat  of  SIT  terminals  to  the  air  services  seems 
to  be  small.  But  there  are  not  requirements  for  vul¬ 
nerability  levels  in  30  GHz,  because  standard 
EUROCAE  JAA  (93-01-18)  specifies  limits  for  certifi¬ 
cation  environment  only  up  to  18  GHz.  There  Is  also 
no  information  available  about  fuselage  attenuation 
in  this  band. 

4.  Because  of  the  unrestricted  transport  of  VSAT  and 
SNG  stations  in  the  member  countries  of  the  Euro¬ 
pean  Union,  there  is  an  urgent  need  to  unify  the  site 
clearance  procedure. 

5.  Site  clearance  procedure  may  either  involve  appro¬ 
priate  models  of  the  protected  area  to  analyse  each 
case  separately,  or  make  use  of  special  maps  which 
represent  the  protected  areas  for  particular  airports 
and  include  all  of  the  available  satellites. 
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1.  INTRODUCTION 

From  the  beginnings  of  mankind  understanding  the 
Universe  has  became  the  greatest  challenge.  Our 
present  knowledge  about  its  nature  was  gathered 
laboriously  over  a  very  long  period  in  many  areas  of 
fundamental  research.  Though  astronomy  belongs  to 
the  oldest  of  the  sciences,  yet  the  actual  scientific 
attraction  in  tliis  field  is  remarkably  high.  New 
branches  of  astronomy  emerged  in  this  century.  Radio 
astronomy,  which  allows  us  to  study  the  universe  in  the 
radio  domain,  is  such  an  example  and  certainly  can  be 
described  as  one  of  the  most  advanced  and  successful. 

For  all  of  us  the  Universe  is  an  infinite  laboratory  to 
study  the  extreme  conditions  and  to  discover  the 
unknown.  Investigations  at  different  wavelengths  of 
electro-magnetic  domain  reveal  rich  nature  of  Cosmos. 
Gamma-rays  and  X-rays  show  the  presence  of  highly 
energetic  activities  occurring  close  to  extremely  dense 
objects  such  as  massive  black  holes  or  pulsars.  The 
visible  range  of  wavelengths  provides  us  with 
infonnation  on  stars  and  interstellar  medium.  Radio 
waves  inform  us  about  high  energy  plasma  and 
magneto-hydrodynamic  phenomena . 

Research  in  astronomy  puts  up  the  highest  demands 
on  modern  technology  and  thus  indirectly  accelerates 
commercial  applications.  Modern  radio  telescopes  and 
various  specialised  auxiliary  equipment  for  signal 
processing  and  image  reconstruction  represent 
technological  state  of  the  art. 

The  global  relations  and  worries  about  the  use  of 
radio  wave  bands,  demands  for  higher  quality 
commercial  electronics,  and  possible  solutions  on 
protection  of  the  environment  around  radio 
observatories  are  very  important.  The  action  to  preserve 
part  of  tlie  radio  spectrum  for  the  passive  use  of  radio 
astronomy  is  the  high  priority  and  has  received 
international  recognition  and  support  under  the 
umbrella  of  OECD,  URSI  and  lAU.  Realty  of  present 
situation  with  RFI  at  each  radio  observatory'  requires 


from  us  collective  responsibility  and  the  will  for  co¬ 
operation  on  local,  continental  and  global  scales. 

2.  THE  RISE  OF  RADIO  ASTRONOMY 

Radio  Astronomy  [1,2]  dates  from  experiments  of 
Karl  Jansky  in  1931.  Since  then  we  witness  enonnous 
progress  resulting  from  technological  development  of 
our  century.  Over  the  last  four  decades  entirely  new 
observing  techniques  and  sophisticated  data  analysis 
methods  were  developed.  The  use  of  these  methods 
provided  astronomers  with  results  which  changed  our 
understanding  of  the  Universe.  Even  though  radio 
waves  are  a  million  limes  longer  than  optical  waves, 
the  angular  resolution  obtained  now  is  three  orders  of 
magnitude  higher  that  of  the  largest  optical  telescopes. 
The  sensitivity  of  our  radio  telescopes  enables  the  study 
of  the  most  distant  objects  in  the  visible  Universe. 

Many  recent  discoveries  made  in  the  radio  domain 
have  received  the  highest  international  recognition. 
The  detection  of  relic  microwave  background  emission 
-  the  remnant  of  the  Big  Bang,  the  discovery  of  pulsars, 
observational  tests  of  general  relativity,  and  the 
development  of  aperture  synthesis  techniques  are  just 
examples  of  subjects  awarded  the  Nobel  Prize. 

Research  in  astronomy  has  always  been  limited  by 
instrumental  problems.  The  struggle  for  increased 
sensitivity,  higher  angular  resolution  and  higher 
dynamic  range  remain  as  the  basic  goals  of 
obserx^ational  radio  astronomy. 

Single  dish  limitations  result  from  the  finite 
physical  size  of  the  aperture.  The  diffraction  limit 
defines  the  angular  resolution.  For  the  presently  used 
large  single  radio  telescopes  it  varies  between  few 
degrees  to  about  10  arc  see  depending  on  the  frequency 
used.  Sensitivity  is  defined  by  the  effective  collecting 
area,  the  noise  of  receiver  and  the  interference  level. 

Among  others,  the  limited  instantaneous  field  of 
view  of  present  telescopes  is  a  particular  problem.  High 
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angular  resolution  results  in  more  pixels  per  unit  area 
of  sky  which  then  takes  correspondingly  longer  to 
image.  Multi-beam  systems  go  some  way  towards 
reducing  the  problem.  Paradoxically,  we  can  get  more 
detailed  information  from  smaller  and  smaller  areas 
when  we  enlarge  tlie  aperture  to  gain  sensitivity.  Time 
resolution  is  also  an  important  limitation  in  certain 
applications,  in  particular  in  the  study  of  pulsars. 

Frequency  resolution  and  the  instantaneously 
available  bandwidth,  the  recording  and  data  handling 
methods,  are  all  ’’back-end”  related  subjects.  Sensitivity 
to  rapid  bursts  of  sporadic  emission  and  ways  to 
distinguish  these  from  man-made  interference  should 
also  become  a  common  feature  of  any  telescopes. 

Despite  all  these  limitations  the  new  high  tech 
telescopes  are  being  designed  and  constnicted.  Worth 
mentioning  here  are  the  Green  Bank  NRAO  (USA) 
110m  antenna,  which  will  soon  become  operational, 
64m  antenna  built  on  Sardinia  (Italy),  50m  antenna 
built  in  Spain.  Large  (1  km^)  single  aperture  telescopes 
of  various  form  are  seriously  considered  and  will  be 
built  within  10-15  years,  providing  astronomers  with 
100  times  better  sensitivity  over  that  available  now. 

A  decisive  improvement  of  angular  resolution  has 
been  achieved  by  the  use  of  radio  interferometry  [3]. 
The  technique  was  developed  in  parallel  at  Cambridge 
and  Sidney  universities.  In  the  mid  sixties  the  angular 
resolution  of  intereferometers  broke  the  1  arc  minute 
limit  of  tlie  naked  eye.  This  technique  allows  very 
accurate  position  measurements  and  leads  to  the  optical 
identifications  of  many  discrete  radio  sources.  It  has 
also  proven  to  be  less  sensitive  to  local  radio 
interference. 

The  major  further  step  was  made  by  the  genius  idea 
of  aperture  synthesis  [5].  This  new  technique  was 
developed  at  the  MRAO  Cambridge  University  by  Sir 
Martin  Ryle  and  his  co-workers.  Today  it  remains  as 
the  most  powerful  method  of  modem  radio  astronomy. 
The  major  world  radio  telescope  operate  under  this 
principle.  VLA  in  tlie  USA,  MERLIN  in  the  UK, 
GMRT  in  India  and  VLBI  (Very  Long  Baseline 
Interferometry)  -  the  global  array  of  radio  telescopes, 
all  are  the  aperture  synthesis  instruments.  These 
instmments  have  a  diffraction  equivalent  aperture 
ranging  from  about  30  km  up  to  continental  and  global 
sizes.  The  resulting  angular  resolution  of  radio  images 
reconstructed  from  the  gathered  data  is  better  than 
0.001  arc  sec.  The  VLBI  teclmique  became  possible  in 
the  late  sixties.  The  radio  signal  received  by  an 
individual  telescope  of  the  network  is  converted  to  the 
video  band  and  then  independently  recorded  on 
magnetic  tapes  with  tlie  phase  stability  of  atomic 
clocks.  The  availability  of  atomic  frequency  standards 
was  crucial  for  this  technique.  VLBI,  or  any  other 
future  array,  will  also  have  to  rely  on  high  precision 
frequency  standards;  tlie  only  foreseeable  change  could 
eventually  occur  in  tlie  way  of  data  transmission  to  the 
central  correlator. 


High  angular  resolution  of  VLBI  allows  astrometric 
and  geodetic  measurements.  Point-like  objects  are 
measured  in  the  sky  with  milli-arc-sec  precision.  At 
the  same  time  an  individual  antenna  of  the  network  can 
be  located  to  within  few  millimetres  on  intercontinental 
baselines.  The  technique  is  routinely  used  for  study  of 
Earth  rotation,  tectonic  plate  motion  and  the  prediction 
of  earth  quakes. 

In  Febmary,  1997  tlie  Japanese  Institute  of  Space 
and  Astronautical  Science  launched  an  8  m  antenna 
into  an  elliptical  orbit  around  Earth.  The  project  is 
known  as  VSOP  -  VLBI  Space  Orbiting  Programme. 
Together  with  the  ground  based  radio  telescopes  the 
VSOP  antenna  expands  the  capability  of  the  existing 
array.  The  maximum  baseline,  which  is  defined  by  the 
satellite  orbit,  exceeds  20,000  km.  The  angular 
resolution  is  2-3  times  better  than  that  achieved  with 
the  ground  network.  VSOP  is  a  major  step  towards  the 
synthesis  of  a  radio  telescope  bigger  tlian  the  Earth. 
Future  projects  consider  larger  antennas  and  the 
maximum  baseline  comparable  to  the  Eartli  -  Moon 
distance.  Such  projects  are  realistic  and  most  probably 
will  be  successfiiliy  completed  within  the  next  decade. 

Enormous  progress  has  been  made  in  the  receivers 
technologies  and  digital  instrumentation  [4].  The  Ultra 
Low  Noise  preamplifiers  cooled  to  15  K  have  only  few 
Kelvins  of  intrinsic  noise.  The  major  contribution  to  a 
telescopes  system  noise  temperature  comes  from  tlie 
ground,  atmosphere  and  human  made  radiation. 
Modern  electronics  and  software  help  us  to  study 
objects  with  signals  well  hidden  below  the  system 
noise.  The  real  limitation  to  sensitivity  [6]  in  fact 
comes  now  from  the  other  users  of  electromagnetic 
spectrum.  Radio  Astronomy  -  a  passive  user  has  to 
coexist  with  all  other  active  users.  Whereas  if  bad 
reception  in  commercial  application  occurs,  there  is 
always  possibility  to  enlarge  the  transmitted  power.  We 
can  not  amplify  cosmic  radio  sources.  As  an  example 
of  problem  magnitude  let  me  just  say  that  a  portable 
telephone  placed  on  the  Moon  would  be  seen  by  our 
radio  telescopes  (at  the  transmitted  frequency  band)  as 
the  strongest  radio  source  in  the  sky. 


3.  RADIO  ASTRONOMY  IN  POLAND 

Radio  astronomy  in  Poland  was  initiated  in  the  mid 
fifties  independently  at  Cracow’s  Jagiellonian  and 
Tomn’s  Copernicus  universities.  At  present  the  Cracow 
Observ'atoty  is  equipped  with  15  m  and  8  m  parabolic 
antennas  operating  between  200  and  3000  MHz.  The 
major  scientific  observational  interest  focuses  on 
studies  of  the  Sun  activity.  The  Tonin  Centre  for 
Astronomy  uses  three  instruments  -  the  32m  very 
modern  parabolic  antenna  capable  to  operate  up  to  50 
GHz,  a  15  m  paraboloid  useable  in  metre  and  cm  bands 
and  a  solar  interferometer  operating  at  127  MHz.  The 
scientific  goals  here  are  quite  broad.  The  major  activity 
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concentrates  on  studies  of  distant  galaxies  and  quasars, 
neutron  stars  as  well  as  molecules  in  interstellar 
medium  and  stellar  atmospheres.  The  methods  which 
we  use  are:  the  radio  interferometry  and  sophisticated 
single  dish  radiometry. 

The  dedicated  hard  work  of  Torun's  teem  of 
scientists  and  engineers  over  last  three  decades  placed 
us  high  among  well  developed  European  radio 
observatories.  Our  major  instrument,  the  32in  precise 
parabolic  antenna,  designed  and  built  in  Poland,  is  one 
of  the  best  of  its  class.  The  new  32m  telescope  is  a 
fully  steerable  classical  Alt-Az  mounted  Cassegrain. 
It’s  main  parabolic  reflector  is  made  of  336  panels, 
each  with  an  accuracy  better  than  0.35  mm  nns.  They 
have  been  mounted  and  then  adjusted  to  an  accuracy 
better  than  0.2  mm  by  a  classical  laser  based  surveying 
technique.  Tlie  final  accuracy  of  the  surface  is  therefore 
limited  by  the  quality  of  individual  panels.  The 
construction  of  the  dish  backing-structure  is  stiff  and 
based  on  homological  principle.  The  gravitational 
deviation  from  the  parabolic  shape  has  been  designed  to 
be  0.14  mm  rms.  The  position  of  the  3.2  m  subrefleclor 
is  continuously  adjusted  to  confonn  with  the 
homological  deformation  of  the  dish.  There  are  four 
azimuth  drives  each  containing  two  AC  motors  and  two 
gear  boxes,  and  two  elevation  drives  each  with  one  gear 
box  but  with  two  AC  motors.  The  complex  scheme  was 
chosen  to  ensure  very  smooth  tracking  by  having 
opposed  motors  working  in  antibacklash  mode.  The 
telescope  can  point  with  absolute  accuracy  of  0.002 
deg.  Receivers  covering  the  bands  0.75- i.l,  1.4,  1.6,  5 
and  6.8  GHz  are  mounted  simultaneously  in  the  vertex 
cabin.  All  input  amplifiers  and  waveguides  (from  above 
1.4  GHz  band)  are  cooled  down  to  20  and  50  K 
respectively.  The  best  achieved  system  noise  is  around 
27-30K.  The  basic  auxiliary  equipment  for  the 
telescope  consist  of  a  Hydrogen  Maser  time  and 
frequency  standard,  a  GPS  timing  receiver,  a  VLBI 
tenuinal,  tlie  pulsar  machine,  a  digital  autocorrelating 
spectrometer  and  a  weather  station.  The  32m  high 
precision  antenna  witli  tavailable  auxiliary  instruments 
provides  Polish  astronomers  with  the  unique  tool  to 
study  Cosmos.  The  telescope  is  part  of  the  European 
and  world-wide  network  of  interferometers  -  VLBI. 
This  system  allows  our  antenna  to  be  a  part  of  the 
synthesis  radio  telescope  which  has  an  equivalent 
aperture  size  of'-lO  thousand  kilometres. 

This  new  instrument  and  the  involvement  of  Polish 
radio  astronomers  into  international  co-operation 
resulted  in  the  expansion  of  radio  research.  VLBI 
studies  of  distant  galaxies  and  quasars,  the  search  for 
new  planetary  systems  around  pulsars,  the  study  of 
interstellar  and  stellar  molecules  are  the  subjects  to  be 
mentioned  here.  The  importance  of  the  Torun  32m  has 
been  recognised  in  tlie  astronomical  community.  Tlie 
size  of  the  antenna,  geographical  location  and  highly 
professional  team  of  scientists  and  engineers  make  the 
addition  of  Torun  a  significant  improvements  to  the 


European  VLBI  Network.  Radio  astronomy  is  a  very 
challenging  area  of  modern  research  for  a  country  like 
Poland.  The  European  research  within  EVN  is  seen  in 
Poland  as  one  of  the  best  examples  of  scientific, 
cultural  and  political  co-operation  on  our  continent. 

At  Toruil  radio  observatory  a  systematic  monitoring 
of  RFI  are  being  made.  This  necessary  activity  takes 
more  and  more  of  our  resources  and  in  fact  requires 
now  a  fill!  appointment  of  the  observatory  frequency 
manager.  Using  the  D=32m  antenna,  pointed  upwards, 
we  measure  the  level  of  RFI  inside  the  RA  allocated 
bands.  The  antenna  has  considerable  gain  (47tDVX^) 
and  the  RFI  are  received  by  main  sidelobes,  feed  spill 
over  and  reflections  from  secondary  mirror  support. 
Thus  these  are  extremely  attenuated  as  compared  to 
ones  coming  directly  into  antenna  primary  beam. 
Additional  less  sensitive  measurements  are  done  with 
HP  spectrum  analysers  and  simple  directional  antennas. 
The  graphs  are  not  attached  into  this  paper  (too  many), 
these  will  be  shown  in  the  presentation. 

Another  area  of  activity  for  frequency  manager  is  the 
coordination,  with  local  and  central  administration,  the 
urban  activity  and  plans.  At  the  moment  there  is  good 
understanding  of  our  needs  and  the  will  to  support 
liowever,  the  legal  form  of  the  observatory  protection 
zone  formally  doesn’t  exist  yet, 

4.  THE  FUTURE  OF  RADIO  ASTRONOMY 

An  ideal  radio  telescope  should  have  sensitivity  of  a 
few  mJy,  an  antenna  sensitivity  preferably  mK/Jy, 
and  an  instantaneous  field  of  view  of  2n  steradians.  It 
should  also  have  angular  resolution  selectable  between 
~1  arc  min  to  --1  milliarc  second  depending  on  the 
application,  time  resolution  down  to  microseconds,  and 
frequency  resolution  selectable  between  '-1  Hz  to 
MHz.  The  last  two  features  are,  of  course,  more 
dependent  on  back-end  design  than  on  antenna  itself; 
however,  the  antenna’s  and  receiver’s  sensitivities  are 
cnicial  for  time  and  frequency  resolutions  thus  they  are 
mentioned  here.  Is  this  an  unrealistic  dream  or  can  we 
really  design  and  build  such  an  instalment.  I  personally 
think  that  it  will  be  possible  to  meet  most  of  these 
requirements  within  20  to  30  years,  and  some  of  them 
much  sooner. 

At  the  moment,  the  most  sensible  approach  is  to 
build  special  puiposc  telescopes  dedicated  to  particular 
tasks:  arrays  to  get  high  angular  resolution  and  big 
collecting  area  elements  to  get  high  sensitivity.  Very 
large  fully  steerable  single  dishes,  built  the 
conventional  way,  have  proved  to  be  very  expensive. 
The  weightless  environment  of  space  or  tlie  far  side  of 
the  Moon  could  be  better  places  for  the  building  large 
apertures,  but  we  know  they  will  not  be  cheap.  Fixed 
spherical  dishes  of  the  Arecibo  type  are  being  discussed 
and  they  might  seiv^e  as  elements  of  bigger  arrays  but  it 
should  be  noticed  that  they  are  not  well  suited  for  use  at 
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high  frequencies,  which  we  may  be  forced  to  use  for 
ground-based  radio  astronomy  sooner  than  we  expect. 
The  rising  tide  of  interference  may  well  deny  us  the  use 
of  the  lower  (i.e.  <  1  GHz)  frequencies. 

To  minimise  tlie  interference  problem  and  to  further 
enlarge  the  angular  resolution,  space  missions  with 
large  orbiting  antennas  combined  witlt  ground  based 
telescopes  will  synthesise  a  future  cosmic  radio 
telescopes.  The  first  successful  attempt  -  VSOP  - 
shows  the  direction  how  to  use  existing,  as  well  as  how 
to  create  entirely  new  space  technologies  in 
astronomical  research. 

Despite  the  push  for  higher  and  higher  angular 
resolution  -  better  and  sharper  images  -  there  is  a 
continuous  need  for  increased  sensitivity.  One  of  the 
big  future  international  projects  is  known  as  the  Square 
Kilometre  Telescope  (SKT)  [8].  There  are  several 
presently  proposed  forms  of  such  a  large  telescope.  All 
assume  the  effective  aperture  surface  of  about  1  square 
kilometre.  The  proposals  comprise  a  single  aperture 
with  large  f^d  or  else  an  array  of  big  spherical  dishes  or 
a  big  flat  tile  integrated  antenna  &  receiver  system. 

I  personally  support  the  idea  of  a  global  real-time 
fibre-optic  connected  VLBI  array  with  one  global 
correlator  centre.  This  would  be  an  array  consisting  of 
up  to  1000  single  elements,  each  ~32m  in  diameter. 
Used  as  a  phased  array,  this  would  provide  a  collecting 
area  comparable  to  1  km^  and  at  the  same  time  would 
give  the  maximum  angular  resolution  achievable  on  our 
planet.  Such  an  array  would  also  allow  great  frequency 
flexibility.  Individual  countries  could  contribute 
effectively  since  such  an  enterprise  would  bring  local 
benefits  both  scientific  and  technological.  A  large 
number  of  telescopes  similar  to  Torun’s  new  32m  could 
be  afforded  by  many  countries  and  therefore  this 
scheme  might  be  a  very  realistic  way  of  evolving  a  truly 
world  array  of  telescopes  at  a  minimal  and  well  shared 
cost.  Questions  of  concern  are  related  to  the  cost  of  the 
data  transmission  and  to  the  cost  of  a  mega-baseline 
correlator  at  tlie  control  centre.  The  first  problem  will 
be  solved  very  soon  as  mutlimedia  communication 
systems  using  fibre  optics  are  being  developed  with 
enormous  speed.  The  continuous  upgrading  of 
existing  correlators  could  provide  the  basis  for  mega¬ 
baseline  correlator  of  the  future. 

One  additional  feature  of  radio  astronomy  research, 
which  adds  to  the  importance  of  the  field  is  the  unique 
possibility  to  study  complex  molecules  (see  the 
contribution  from  Will  van  Driel).  The  radio  band  is 
the  only  window  in  the  electromagnetic  spectrum  where 
tlie  rotational  and  vibrational  transitions  of  molecular 
energy  stages  can  occur.  Since  the  first  discovery  of  the 
OH  radical,  molecular  radio  astronomy  has  expanded 
and  the  interstellar  medium  has  been  found  to  be  full  of 
diverse  molecular  species.  Today  we  study  more  than 
60  species,  starting  from  a  simple  ones  like  OH,  CO, 
SO,  H2O  and  ending  with  as  complex  as  ethanol, 
metlianol  and  otlier  C,N,0,H,S  combinations.  The  role 


of  the  interstellar  molecular  clouds  in  the  formation  of 
stellar  and  planetary  systems  is  being  investigated. 
Many  molecules  show  maser  amplification.  Some  are 
so  bright,  called  mega-masers,  that  could  have  been 
found  in  distant  galaxies.  The  study  of  molecules  in 
the  mm  and  sub-mm  range  is  becoming  a  major 
attraction  and  activity  field  for  many  astronomers.  A 
new  project  of  a  multi  element  mm  array  is  being 
discussed  between  the  USA,  Japan  and  European 
countries.  The  system  know  now  as  project  ALMA  will 
become  operational  within  next  10-12  years. 

Several  important  points  concerning  the  future  of 
radio  astronomy  research  arise.  First,  the  radio 
interference  problem  is  a  major  concern  that  must  be 
taken  into  account.  The  success  of  the  future  Large 
Telescope,  no  matter  how  it  is  designed,  depends  very 
much  on  its  location  and  legal  protection.  The 
increasing  commercial  use  of  the  radio  spectrum  is 
pushing  astronojuers  higher  and  higher  in  frequency, 
so  we  have  to  design  our  future  instruments  to  be 
capable  of  working  at  mm  and  sub-mm  wavelength. 
Being  squeezed  very  exactly  into  our  allocated  bands, 
we  cannot  in  the  future  improve  sensitivity  by  enlarging 
bandwidth.  Large  apertures  therefore  seem  to  be  the 
only  reliable  way  to  address  the  problem.  Modem 
receivers  have  now  brought  us  to  practically  noiseless 
preamplifiers,  so  the  main  struggle  to  reduce  system 
noise  must  concentrate  on  minimising  the  ground 
contribution.  Thus  the  screening  of  tlie  area  around 
antennas  will  also  have  to  be  considered  an  important 
part  of  future  telescopes.  To  obtain  higli  angular 
resolution  and  thus  to  measure  distances,  the  future 
instruments  would  have  to  be  multi-element  arrays. 
The  large  ground  apertures  together  with  the  space 
born  antennas,  plus  radio  telescopes  located  on  tlie 
Moon  and  possibly  Mars,  will  serve  as  our  cosmic  ear 
to  listen  and  analyse  the  most  beautiful  natural  music  of 
the  Universe. 


5.  SPECTRUM  MANAGEMENT 

In  RA  we  are  performing  highest  sensitivity 
measurements  and  these  are  particularly  exposed  and 
vulnerable  to  man  made  RFI.  The  quality  of  our 
measurements,  and  sadly  often  the  survival  of  some 
radio  astronomical  research,  are  so  critically  dependent 
on  formal  protection  and  the  true  respect  to  the  agreed 
rules.  The  respecting  niles  is  becoming  very  difficult 
and  is  constraint  by  rapid  e.xpansion  of  various  radio 
communication  systems  and  their  uncontrolled,  off  tlie 
band  leakage.  Countless  low  quality  home  used 
electronics  creates  additional  serious  thread. 

Of  course  radio  telescopes  are  state  of  the  art,  but 
e.g.  modulation  spectrum  recognition  techniques  are 
not  yet  designed  nor  implemented,  and  in  fact  the 
interference  suppression  is  until  now  the  data  removal 
only.  Thus  is  this  the  perspective  for  the  next 
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generation  of  scientists?  What  future  for  RA  research 
can  we  assure  ?  RA  has  enormous  capability  to  study 
Cosmos  and  should  prevail  in  the  coming  millennium 
as  the  basic  source  of  information  about  physics, 
structure  and  evolution  of  the  Universe. 

The  situation  regarding  the  level  of  RFI  at  both 
Polish  observatories  is  not  acceptable.  Their 
historically  conditioned  locations  happen  to  be  close  to 
the  large  cities.  The  rapid  expansion  of  housing  area 
plus  flooding  of  various  electrical  and  electronic 
appliances  make  the  old  times  free  of  RFI  gone.  The 
level  of  man  made  radio  emission  has  increased 
dramatically  over  last  two  decades.  Less  and  less 
spectrum  is  freely  available.  Fonnally  protected  bands 
allocated  for  RA  by  international  agreements  are 
contaminated  by  RFI.  At  both  Polish  observatories  we 
had  to  abandon  sensitive  measurements  below  1  GHz. 
Situation  is  changing  rapidly  to  the  worse  and  some 
areas  of  important  research  will  have  to  be  completely 
terminated.  In  this  presentation  recent  level  of  RFI  as 
well  as  undertaken  actions  will  be  discussed.  Being 
pushed  up  from  low  frequencies  means  dramatic  losses. 
Most  of  natural  radio  emission  has  nonthcrmal 
spectrum  (synchrotron  mechanism)  and  the  flux 
density  faints  away  fast  with  the  frequency  increase. 
This  is  the  particular  problem  for  pulsars,  and 
nonthermal  galactic  sources.  The  Doppler  shift  of 
radiation  arriving  from  distant  galaxies  and  quasars 
makes  the  spectra  to  appear  at  low  frequencies.  To 
study  such  objects  and  their  evolution  we  need  to  have 
unlimited  access  to  all  RA  primary  allocations. 

To  protect  future  research  in  radio  astronomy  we 
need  co-ordinated  world-wide  action  [7].  The  first  and 
most  important  issue  is  to  protect  the  allocated  bands. 
We  would  like  to  make  other  users  of  electromagnetic 
waves  understand  that  radio  astronomy  is  a  passive  use 
of  the  band.  We  never  transmit  nor  generate  radio 
signals.  To  improve  reception  of  cosmic  information 
we  can  not  go  there  and  increase  the  transmitted  power 
as  the  active  users  would  do.  The  signals  which  we 
analyse  are  so  weak  that  sometimes  we  integrate  for 
hours  in  order  to  get  a  sufficient  S/N  ratio.  Usually  it  is 
20-30  dB  below  the  noise  generated  in  the  receiver  and 
the  atmosphere.  Any  terrestrial  interference  can  niin 
our  measurements  if  it  falls  into  our  protected  bands. 
Observations  of  distant  quasars,  pulsars  and  molecules 
can  be  compromised  by  commercially  used  devices  such 
as  microwave  ovens,  cellular  telephones  faulty  TV  and 
radio  signals  even  garage-door  openers. 

Recent  experience  shows  that  out  of  band  emission  and 
strong  emission  in  adjacent  bands  causes  severe 
problems  for  radio  astronomers. 

Conditions  for  coexistence  are  being  discussed  on 
international  committees  [9].  An  agreement  has  to  be 
reached.  Radio  quiet  zones  around  observatories,  high 
quality  electronics,  linearity  of  power  amplifiers  and 


strict  protection  of  radio  astronomy  bands  are 
absolutely  necessary. 

If  we  do  not  show  sufficient  motivation  and 
dedication  to  this  important  activity,  human  kind  may 
loose  the  unique  chance  to  study  the  Universe  in  radio 
waves  in  the  future. 
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Scientific  applications  of  radio  frequencies  and  non- 
scientific  use  of  the  radio  spectrum  are  largely 
incompatible.  The  current  ITU-R  Radio  Regulations, 
EMC  directives  and  standards  are  inadequate  to  handle 
the  scientific  and  the  non- scientific  services  in  the 
physical  and  technical  sense  on  an  equitable  basis. 

Some  recommendations  are  made  for  improvement. 

1.  INTRODUCTION 

Radio  frequencies  are  used  in  many  scientific 
applications  and  research  projects.  The  paramount 
example  of  this  is  radio  astronomy.  Other  sciences 
depending  on  intensive  use  of  radio  frequencies  are 
geodesy,  meteorology,  remote  sensing  studies  and 
aeronomy.  Whether  the  radio  frequency  at  which  the 
scientific  application  is  operating  is  a  unique 
requirement  that  cannot  be  replaced  by  another  one, 
depends  on  physics  and  on  the  scientific  question. 
Aeronomy,  meteorology  and  radio  astronomy  select 
their  radio  frequencies  on  the  basis  of  the  physics  of  the 
atoms  and  molecules  for  their  spectral  line  research  and 
on  the  physical  characteristics  of  the  research  objects. 
The  frequency  selection  for  other  scientific  applications 
can  be  based  on  different  arguments. 

The  framework  for  radio  frequency  management  is 
provided  by  the  Radio  Regulations  of  the  International 
Telecommunication  Union,  ITU  [2].  These  regulations 
provide  a  framework  for  national  administrations  to 
regulate  equitable  access  to  the  radio  frequency 
spectrum  for  all  entities  for  which  the  use  of  these 
frequencies  is  essential:  telecommunication  industry, 
safety  services,  aeronautical  services,  various  scientific 
and  hobby  use,  etc.  This  framework  also  provides  a 
regulatory  frame  and  several  criteria  to  prevent  harmful 
interference.  Other  criteria  are  found  in  regulation 
dealing  with  the  issue  of  electromagnetic  compatibility, 
EMC. 

Electromagnetic  compatibility  is  managed  through 
standards  and  EMC  directives.  The  EMC  Directive  of 
the  European  Commission  provides  such  a  regulatory 
framework  on  electromagnetic  compatibility  in  Europe. 
Electromagnetic  compatibility  means  “the  ability  of  an 
electrical  and  electronic  appliance,  equipment  and 
installation  containing  electrical  and/or  electronic 
components  to  function  satisfactory  in  its 


electromagnetic  environment  without  introducing 
intolerable  electromagnetic  disturbances  to  anything  in 
that  environment”  [1].  The  main  goal  of  an  EMC 
directive  is  to  ensure  that  electrical  and  electronic 
apparatus  do  not  affect  the  correct  functioning  of  other 
apparatus  and  that  each  apparatus  has  an  adequate  level 
of  immunity  to  electromagnetic  disturbances. 

Both  frameworks  provide  a  public  international 
legal  regulation  on  interference  and  compatibility  issues 
and  these  are  articulated  in  national  law.  A  key  question 
for  scientific  users  of  the  radio  spectrum  is  to  what 
extent  these  regulations  are  sufficient  to  ensure 
adequate  access  to  the  radio  frequency  spectrum  for 
scientific  research  and  protection  of  its  operations  from 
radio  interference. 

2.  SCIENCE  AND  TECHNOLOGY 

In  scientific  experiments  and  measurement 
campaigns  commercially  available  equipment  is  used  in 
several  occasions,  such  as  in  various  geodetic  and 
meteorological  programs.  For  other  applications  in  e.g. 
remote  sensing  research  and  especially  in  radio 
astronomy,  dedicated  instrumentation  has  to  be 
developed  because  this  equipment  and  many  of  its 
components  are  commercially  not  available.  In  many 
cases  adequate  technology  does  not  yet  exist,  nor  even 
feasibility  studies  and  the  design  of  the  instruments  so 
that  such  investigations  will  push  technology  beyond  its 
current  limits.  This  scenario  is  partly  due  to  the  fact  that 
the  technical  requirements  for  the  scientific  and 
commercially  available  instruments  are  very  different: 
e.g.  the  sensitivity  of  the  receiver  may  well  be  several 
orders  of  magnitude  higher  than  in  industrial 
applications.  Another  reason  relates  to  the  frequency 
domain  in  which  the  scientific  research  must  be  done 
and  for  which  the  state-of-the-art  technology  does  not 
yet  provide  the  necessary  components  and/or  test 
instrumentation.  This  applies  especially  for  passive 
frequency  use.  It  should  be  noted  that  in  radio 
astronomy  and  some  remote  sensing'  applications 
frequencies  up  to  2  THz  are  currently  used!  In  the  past 
60  years,  radio  astronomy  was  noticeably  very  often 
leading  in  technological  development  and  had  built  the 
first  instruments  for  the  high  frequencies  at  that  time. 
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It  is  common  practice  that  research  instruments  and 
equipment  that  are  developed  are  designed  and  built  for 
a  specific  research  program.  The  characteristics  of  such 
a  program  define  the  technical  requirements.  The  result 
of  this  is  that  usually  each  scientific  instrument  is  its 
own  prototype,  which  is  regularly  improved  to  comply 
with  the  changing  requirements  due  to  scientific 
programs  and  technological  developments  [4]:  the 
scieniffic  instrumentation  may  be  seen  as  having  the 
characteristics  of  a  laboratory  experiment. 

In  the  development  of  scientific  instruments  great 
care  is  taken  to  avoid,  suppress  or  remove  effects  of 
harmful  interference.  Also  much  effort  is  put  into  the 
EMC  purity  of  the  instrumentation.  The  success  of  this 
effort  depends  on  the  quality  characteristics  of  the 
commercially  available  components  used  and  of  the 
components  that  are  developed  in-house  by  the 
scientific  community.  Another  constraint  to  this  success 
is  the  availability  of  e.g.  filtering  techniques  and  test 
equipment  (at  present  this  is  especially  a  concern  for 
frequencies  above  about  50  GHz). 

This  scenario  implies  that  at  least  one  common 
observation  during  the  development  of  scientific 
instruments  can  be  made:  in  a  large  number  of 
occasions  it  is  noted  that  current  technical  standards  and 
EMC  directives  and  regulation  are  insufficient.  This  is 
due  to  the  simple  fact  that  to  address  compatibility  with 
the  characteristics  of  the  specific  instrumentation  in  e.g. 
radio  astronomy,  these  are  not  adequate. 

During  the  design  and  development  phase  of 
scientific  instruments  such  as  radio  telescopes,  one  is 
continuously  asking  the  question  what  action  must  be 
taken  to  build  state-of-the-art  equipment  satisfying  the 
requirements  given  by  the  research  program.  Since 
nobody  can  answer  the  question  “How  is  one  supposed 
to  discover  what  has  to  be  rejected  experimentally  when 
building  equipment?”  scientific  usage  of  radio 
frequencies  is  susceptible  to  the  impact  of  industrial 
technological  development  and  therefore,  their 
development  must  take  the  characteristics  and 
requirements  of  existing  scientific  equipment  into 
account. 

3.  SCIENCE  AND  THE  RADIO  ENVIRONMENT 

The  ITU-R  Radio  Regulations  distinguish  36 
different  radiocommunication  services,  of  which  the 
earth  exploration-satellite  service,  the  radio  astronomy 
service  and  the  space  research  services  are  directly 
serving  scientific  research  programs.  Of  these  science 
services,  the  radio  astronomy  service  is  the  only 
exclusive  passive  service.  All  non-scientific  services  are 
active,  which  means  that  they  use  transmitters  and 
receivers  for  their  applications.  The  requirements  of 
these  non-science  services  are  very  different  and  in 
most  cases  incompatible  with  scientific  applications. 
This  environment  makes  scientific  usage  of  radio 
frequencies  vulnerable  in  many  regards: 

a.  the  frequencies  of  interest  for  passive  scientific 
applications  are  given  by  the  laws  of  physics  and 
cannot  be  chosen  as  for  active  services; 


b.  the  equipment  is  generally  not  commercially 
available  and  has  to  be  designed  and  built  by  the 
scientists  themselves  (generally  for  use  in  frequency 
domains  in  which  neither  standards  nor  EMC 
guidelines  exist  yet); 

c.  for  scientific  research  projects,  access  to  all  radio 
frequencies  is  desirable  but  such  a  demand  is  regulatory 
and  practicably  extremely  difficult  to  manage; 

d.  the  regulations  consider  square  boundaries 
between  different  frequency  bands  but  perfectly  square 
filters  to  prevent  or  suppress  unwanted  emissions  do  not 
exist  which  poses  difficult  compatibility  and 
coordination  questions  in  relation  with  applications  in 
adjacent  frequency  bands. 

Another  fact  is  that  for  commercial  reasons  some 
operators  and  manufacturers  do  not  sufficiently  comply 
with  the  Radio  Regulations  or  EMC  directives, 
especially  when  it  concerns  space-based  systems  in  the 
Mobile-Satellite  Service  and  Fixed-Satellite  Service. 
This  may  lead  to  defective  systems  which  happen  to 
occur  more  and  more  often  [5].  Since  receiving 
instruments  used  by  scientific  users  of  radio  frequencies 
are  usually  the  most  sensitive  which  exist,  these 
sciences  are  the  most  vulnerable  for  defective  systems 
and  the  first  to  suffer. 

It  is  extremely  difficult  or  even  impossible  for 
scientific  programs  using  radio  frequencies  to  conclude 
whether  the  measurement  data  are  contaminated  by 
interference  and  to  which  extent.  One  reason  for  this  is 
the  fact  that  much  interference  mimics  signal 
characteristics  which  cannot  be  distinguished  from 
those  in  which  the  scientist  is  interested:  an  example 
concerns  spectral  line  measurements  which  are 
fundamental  for  many  research  programs.  Another 
reason  is  that  in  order  to  distinguish,  calibrate  and 
remove  interference,  it  must  be  accurately  known  which 
part  of  the  antenna  pattern  received  the  harmful  signal: 
it  is  generally  not  possible  to  determine  this  and 
therefore  the  unwanted  signal  cannot  be  calibrated  and 
removed  properly. 

The  effect  of  this  situation  is  that  it  is  extremely 
difficult  and  often  impossible  for  scientists  to  quantify 
accurately  the  impact  of  unwanted  emissions.  To 
complete  a  research  program  with  adequate  quality,  the 
scientist  must  therefore  trust  that  the  measurement  data 
are  not  corrupted  and  therefore  considered  to  be  correct. 
Daily  practice  shows  that  this  assumption  cannot  be 
maintained  [3][7][8].  Considering  this  fact,  scientists 
wish  that  Administrations  play  a  more  assertive  role  to 
enforce  necessary  protection  measures  that 
manufacturers  and  operators  must  take. 

4.  SCIENCE  AND  REGULATIONS 

The  vulnerability  of  scientific  usage  of  radio 
frequencies  is  in  some  cases  built  in  into  regulations. 
An  example  of  this  is  Article  S4.6  of  the  ITU-R  Radio 
Regulations  which  reads: 

''For  the  purpose  of  resolving  cases  of  harmful 
interference^  the  radio  astronomy  service  shall  be 
treated  as  a  radiocommunication  service.  However, 
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protection  from  services  in  other  bands  shall  be 
afforded  the  radio  astronomy  service  only  to  the  extent 
that  such  services  are  afforded  protection  from  each 
other” 

Article  S4.6  may  be  read  as  that  radio  astronomy 
on  the  one  hand  and  other  radiocommunication  services 
on  the  other  hand  are  treated  on  an  equitable  basis  in  the 
regulatory  or  legal  sense.  This  observation  holds, 
however,  for  the  science  services  in  general  as  follows 
from  other  articles  in  the  ITU-R  Radio  Regulations  (e.g. 
S4.7).  However,  article  S4.6  does  not  consider  the 
fundamental  difference  in  characteristics  between  active 
and  passive  services.  Because  of  this  lacking 
distinction,  the  protection  of  passive  services  is 
unavoidably  structurally  an  extremely  difficult  issue. 
This  is  especially  the  case  since  the  ITU-R  Radio 
Regulations  do  not  contain  a  definition  for  harmful 
interference  to  a  passive  service  nor  a  definition  for  the 
level  of  harmful  interference  to  a  passive  service.  The 
absence  of  such  definitions  hampers  quantification  of 
the  protection  requirements  for  radio  astronomy. 

Although  it  is  the  mission  of  the  ITU,  i.e.  of  its 
Radiocommunication  Sector,  to  ensure  the  rational, 
equitable,  efficient  and  economical  use  of  the  radio¬ 
frequency  spectrum  by  all  radiocommunication 
services,  the  specific  case. of  passive  services  is. thus  not 
handled  on  an  equitable  basis  in  the  physical  and 
technical  sense.  It  is  common  practice  in  the  design  of 
applications  in  active  services  that  the  power  of  emitted 
signals  is  raised  to  the  point  that  the  level  of  natural, 
additive  noise  onto  the  received  signal  is  made 
negligible.  In  such  a  context  where  active  spectrum 
users  may  raise  their  transmit  powers  beyond  that, 
spectrum  management  reduces  to  ensuring  each  user 
some  required  signal-to-interference  ratio,  i.e.  handling 
relative  signal  power  levels.  Passive  services  are  based 
on  measurements  of  natural  radiation,  sometimes  of 
very  low  levels.  They  need  protection  in  absolute  terms. 

This  situation  is  basically  not  different  for  each  of 
the  science  services,  although  the  radio  astronomy  case 
is  the  most  striking  one. 

5.  SCIENCE  AND  STANDARDS 

An  EMC  directive  applies  to  apparatus  liable  to 
cause  electromagnetic  disturbances  or  whose  normal 
operations  may  be  affected  by  such  disturbances  [1]. 
The  last  fraction  of  this  sentence  could  imply  that  the 
considered  EMC  directive  explicitly  applies  to 
scientific  instrumentation  for  passive  use  of  radio 
frequencies,  especially  radio  astronomy  receivers  with 
the  well-known  very  high  sensitivity  requirements. 
However,  this  aspect  is  usually  beyond  the  scope  of 
EMC  considerations,  which  apply  to  apparatus 
generating  electromagnetic  radiation  exceeding 
specified  limits,  i.e.  to  electromagnetically  active 
equipment.  Although  a  radio  astronomy  receiver  as 
such  is  also  an  electromagnetically  active  equipment, 
the  emission  it  generates  is  usually  below  any  level 
relevant  for  EMC  considerations:  if  that  were  not  the 
case,  it  could  not  work  at  all.  Components  and  sub¬ 


systems  of  such  an  instrument,  such  as  computers 
integrated  in  the  receiver  system,  must  of  course 
comply  with  the  available  regulations.  But  that  is  too 
obvious:  the  most  vulnerable  for  inadequate 
components  are  the  scientists  themselves! 

Current  technical  standards  form  a  fundament  in 
EMC  regulation.  Such  standards  are  usually  result  of 
industrial  development  and  commercial  interests  in  an 
often  unclear  mixture.  Many  standards  have  been 
developed  without  adequate  consideration  of  passive 
scientific  use  of  radio  frequencies  and  also  the 
regulations  providing  adequate  criteria  for  standard 
development  are  often  not  sufficient  as  well. 
Experience  in  technical  study  groups  developing  such 
criteria  shows  how  difficult  it  is  to  reach  agreement  on 
numbers  which  enter  public  regulation,  especially  when 
they  have  to  satisfy  the  requirements  of  passive 
services.  Often  commercial  interest  dominates  the 
reluctance  to  accept  what  is  technically  feasible. 

Although  the  standards  may  well  be  very  adequate 
for  industrial  and  commercial  applications,  the  aspect  of 
electromagnetic  compatibility  with  passive  scientific 
equipment  should  receive  better  attention.  This  is  not 
always  easy  to  realize  in  practice,  even  when  the 
scientific  community  if  participating  in  the  work  of 
standard  development.  The  reason  for  this  is  the  large 
imbalance  between  the  requirements  of  commercial 
apparatus  and  scientific  equipment. 

When  a  case  of  incompatibility  occurs  and  a 
regulatory  authority  may  not  be  able  to  apply  the 
regulatory  framework  in  a  straightforward  way,  he  may 
urge  private  users  of  the  radio  spectrum  to  reach  an 
agreement  on  their  use  of  radio  frequencies.  Such 
agreements  may  more  and  more  address  a  “regulation” 
of  interference  tolerance  or  spectrum  pollution.  These 
agreements  may  be  incorporated  in  e.g.  licensing 
conditions  to  one  or  both  of  the  parties  to  the 
agreement.  However,  administrations  should  consider 
such  a  regulatory  “escape”  as  undesirable  since  when  it 
becomes  publicly  accepted  that  agreements  to  regulate 
pollution  that  a  victim  has  to  accept,  are  becoming 
common  practice  for  whatever  purpose,  this 
development  dilutes  public  regulation  and  the  legal 
status  of  an  international  treaty  such  as  the  ITU-R 
Radio  Regulations.  Administrations  should  prevent 
such  agreements  instead  of  suggesting  or  even  asking 
them  to  solve  an  issue. 

Also,  the  pollution  victim  should  not  accept  an 
agreement.  If  he  does,  he  contributes  to  a  precedent  that 
private  agreements  can  be  made  to  regulate  this 
pollution  separate  from  available  legislation  to  protect 
the  victim  but  to  make  the  life  easier  for  the  polluter. 
Organizations  such  as  the  World  Trade  Organization, 
WTO,  and  the  European  Commission,  EC,  must  not 
sympathize  with  such  pollution  agreements  either. 
However,  it  is  becoming  more  common  practice  that 
with  the  (usually  hardly  justified)  argument  that  one 
must  not  hamper  new  developments,  curative  measures 
are  taken  after  the  problem  has  been  created.  This 
scenario  gives  implicit  priority  to  presumed  new 
developments  at  the  expenses  of  existing  applications 
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which  by  consequence  are  automatically  placed  in  a 
victim  position. 

Also  organizations  such  as  the  WTO  and  EC  must 
use  their  political  weight  to  put  pressure  on  the 
“polluter**  to  create  an  interference-free  radio 
environment  which  also  for  the  polluter  will  pay  off  in 
the  future. 

6.  RECOMMENDATIONS  AND  CONCLUSIONS 

To  improve  the  regulatory  context  for  scientific 
research  using  radio  frequencies  and  to  fill  the  existing 
regulatory  gaps,  we  recommend  that 

[a]  scientists  participate  more  actively  in  the  process 
of  standard  development  and  technical  studies 
developing  elements  for  this  process  so  that  in  its 
results  the  scientific  requirements  are  taken  into  account 
in  a  better  way; 

[b]  administrations  play  a  more  assertive  role  to 
enforce  necessary  mitigation  and  protection  measures 
that  manufacturers  and  operators  must  take  to  maintain 
spectrum  purity  and  to  ensure  adequate  access  to  the 
radio  frequency  spectrum  to  other  users  of  the  radio 
spectrum,  i.e.  for  scientific  applications; 

[c]  adequate  monitoring  facilities  should  be  made 
available  for  regulatory  authorities  for  their  spectrum 
management  and  related  enforcement  work; 

[d]  adequate  and  explicit  definitions  dealing  with  the 
specific  characteristics  and  requirements  of  both  active 
and  passive  services  be  included  in  the  ITU-R  Radio 
Regulations; 

[e]  in  the  ITU-R  Radio  Regulations  a  definition  for 
harmful  interference  to  a  passive  service  and  for  the 
level  of  harmful  interference  to  a  passive  service  be 
included; 

[f]  scientists  should  evaluate  and  where  necessary 
develop  and  improve  the  criteria  quantifying  the 
protection  requirements  for  specific  research; 

[g]  scientists  should  study  improvement  of  those 
particular  regulatory  articles  and  clauses  which  do  not 
adequately  take  the  requirements  of  the  scientific 
applications  of  radio  frequencies  into  account.  Such  a 
study  could  be  performed  in  e.g.  ITU-R  Study  Group  7. 

These  recommendations  are  considered  necessary  to 


enable  an  escape  from  the  scenario  provided 
unintentionally  by  the  current  regulations  and  directives 
that  in  the  radio  frequency  spectrum  the  specific 
requirements  of  scientific  research  doom  science  to  be 
placed  in  a  victim  position  by  its  nature. 
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Abstract 

Radio  astronomical  spectral  line  observations  give  us 
irreplaceable  windows  to  study  complex  physical  pro¬ 
cesses  crucial  for  our  understanding  of  the  origin,  pre¬ 
sent  state  and  future  of  the  Universe.  In  order  to  conti¬ 
nue  these  observations  the  spectral  windows  allocated 
for  them  need  to  be  kept  very  clean,  Le.  free  from  har¬ 
mful  interference  -  an  increasingly  difficult  task  seen  the 
continued  crowding  of  the  spectrum  as  well  as  the  in¬ 
creasing  sensitivity  of  radio  telescopes.  Here,  the  scien¬ 
tific  importance  of  astronomical  observations  made  in 
spectral  lines  will  be  discussed.  Most  of  these  are  made 
in  the  so-called  21-cm  line  of  neutral  hydrogen,  Hi, 
which  show  the  presence  of  the  elusive  Dark  Matter,  and 
allow  measurements  of  the  expansion  of  the  Universe 
and  local  digressions  from  it.  The  lines  of  the  OH  radi¬ 
cal  in  the  18  cm  range  are  observed  in  such  diverse 
objects  as  comets,  evolved  stars  and  distant  megamaser 
galaxies.The  CO  molecular  lines  at  millimetric  wave¬ 
lengths  are  found  in  dense  interstellar  clouds  throughout 
the  Universe.  New-generation  giant  radio  telescopes  are 
being  planned,  capable  of  detecting  redshifted  radio 
lines  in  very  distant  objects  far  outside  the  bands  allo¬ 
cated for  observations  in  their  rest  frequencies. 

1 .  RADIO  ASTRONOMY  -  WHY  AND  WHAT 

The  Universe  is,  per  definition,  the  largest  laboratory  one 
can  imagine  for  testing  and  developing  our  understan¬ 
ding  of  physics.  Astrophysicists  may  not  be  able  to  per¬ 
form  the  kind  of  hands-on  experiments  in  this  huge  labo¬ 
ratory  that  most  of  their  collaegue  physicists  can  do  in 
theirs,  but  they  can  observe  (from  a  safe  distance)  an 
extremely  broad  range  of  physical  conditions  and  proces¬ 
ses  that  cannot  be  reproduced  at  all  on  Earth,  now  or  in 
the  forseeable  future. 

To  observe  the  Universe,  astronomers  have  access  to  a 
wide  range  of  wavelength  domains,  all  providing  com¬ 
plementary  information  on  the  state  of  the  multitude  of 
objects  found  in  the  Universe.  Of  these  domains,  only 
two  are  readily  accessible  from  the  ground:  optical/near- 


infrared  (roughly  0.3-10  jim)  and  radio  waves  (about  150 
pm  -  50  m,  or  about  10  MHz  to  2  THz). 

Whereas  optical  observations  study  the  electromagnetic 
waves  from  relatively  hot  objects  such  as  stars  (for 
example,  the  surface  temperature  of  the  Sun  is  about 
5,600  K),  celestial  radio  waves  mainly  originate  from 
cooler  objects,  such  as  the  gas  between  stars  (generally  at 
temperatures  of  a  few  tens  of  K),  or  from  electrons  in 
ordered  motion  in  magnetic  fields.  Radio  astronomical 
studies  cover  many  of  the  same  kind  of  objects  as  optical 
studies,  but  in  addition  they  have  revealed  new  classes  of 
objects  and  quite  unexpected  forms  of  activity. 

Celestial  radio  sources  can  emit  electromagnetic  ra¬ 
diation  all  over  the  electromagnetic  spectrum,  but  often 
their  emission  at  frequencies  outside  the  radio  domain  is 
so  weak  that  they  can  be  studied  by  radio  telescopes 
only. 

Radio  observations  are  crucial  for  our  continued  ex¬ 
ploration  and  understanding  of  the  origin,  early  phases, 
present  state  and  ultimate  future  of  the  Universe.  In 
order  to  continue  these  observations  the  spectral  win¬ 
dows  allocated  to  the  Radio  Astronomy  Service  need  to 
be  kept  very  clean,  i.e.,  free  from  harmful  interference  - 
an  increasingly  difficult  task  seen  the  mounting 
(commercial)  pressure  on  and  crowding  of  the  spectrum 
as  well  as  the  increasing  sensitivity  of  radio  telescopes, 
needed  to  detect  the  extremely  faint  celestial  sources, 
both  those  in  operation  and  the  huge  telescopes  being 
planned. 

2.  RADIO  LINES 

The  spectrum  of  celestial  radio  waves  reaching  the  Earth 
has  a  very  broad  continuum,  covering  the  entire  range  of 
radio  frequencies  that  can  penetrate  the  Earth’s  at¬ 
mosphere  (from  decametric  to  sub-millimetric  waves)  as 
well  as  a  large  range  of  atomic  and  molecularb  spectral 
lines,  each  of  which  is  confined  to  a  quite  narrow  fre¬ 
quency  range  for  any  given  object. 

The  radio  continuum  arises  from  two  principal 
mechanisms:  thermal  emission,  produced  in  an  ionized 
gas  of  free  electrons  and  ions,  and  nonthermal  (or  syn¬ 
chrotron)  emission  generated  by  relativistic  particles 
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moving  in  magnetic  fields  -  as  observed  in  radio  ga¬ 
laxies,  quasars  and  supernova  remnants. 

Thousands  of  radio  spectral  lines  have  been  detected 
in  over  100  different  molecules  in  interstellar  space. 
Many  of  these  are  organic  molecules,  often  of  great 
complexity,  leading  to  intriguing  questions  about  the 
way  in  which  they  developed  and  on  the  origin  of  life  in 
the  Universe. 

To  understand  physical  and  chemical  conditions  in 
interstellar  clouds,  or  in  specific  regions  within  a  cloud, 
it  is  necessary  to  intercompare  observations  made  in  a 
large  number  of  lines:  of  different  transitions  from  the 
same  atoms  and  molecules  (including  their  isotopes)  and 
between  transitions  of  different  atoms  and  molecules. 

Here,  the  scientific  importance  of  radio  astronomical 
observations  made  in  spectral  lines  will  be  addressed. 
EMC  and  regulatory  issues,  interference  from  ground- 
based  and  satellite  systems  will  be  addressed  in  more 
detail  elsewhere  in  these  Proceedings  [1]  [2]  [3] . 

3.  RADIO  LINE  OBSERVATIONS 

The  Radio  Astronomy  Service  is  unique  among  the  Ra¬ 
dio  Communication  Services,  in  the  sense  that  it  is  the 
only  "passive"  science  Service,  i.e.,  it  is  solely  concerned 
with  the  detection  of  naturally  occurring  radio  waves  and 
not  involved  in  any  man-made  transmissions.  All  non- 
scientific  Services  are  active,  on  the  other  hand,  meaning 
that  they  use  both  transmitters  and  receivers  for  their 
purposes,  and  that  their  requirements  are  often  incompa¬ 
tible  with  scientific  applications,  which  creates  an  elec¬ 
tromagnetic  environment  that  makes  scientific  radio 
frequency  observations  vulnerable  in  many  respects  [2]. 

To  analyze  the  spectral  characteristics  of  radio  lines 
from  celestial  sources  (ranging  from  comets  to  clusters 
of  galaxies)  observations  are  usually  made  within  many 
frequency  channels  (several  thousands  is  common,  up  to 
several  million  channels)  within  the  receiver  bandwidth  - 
which  can  range  from  a  few  kHz  for  stellar  line  observa¬ 
tions  to  several  tens  of  MHz  for  studies  of  galaxies  and 
clusters  of  galaxies. 

Each  radio  telescope  usually  is  its  own  prototype,  as 
such  dedicated  research  instruments  are  designed  and 
developed  for  specific  research  programs,  and  need  many 
components  which  are  not  commercially  available.  With 
time,  each  telescope  is  being  constantly  improved  in 
order  to  comply  with  scientific  and  technological  deve¬ 
lopment  [4]. 

Practically  all  radio  line  observations  require  a  high 
sensitivity,  as  celestial  sources  generally  are  very  weak, 
as  well  as  a  high  dynamical  range,  as  weak  spectral  fea¬ 
tures  need  to  be  studied  in  or  around  strong  radio  sources 
(previously  mainly  of  celestial  origin,  but  nowadays 
frequently  of  man-made  origin). 

Radio  telescopes  therefore  tend  to  be  big:  the  largest 
presently  operational  single-dish  radio  telescope  obser¬ 
ving  below  10  GHz  (Arecibo,  on  the  island  of  Puerto 
Rico)  has  a  diameter  of  300  meters. 


The  Very  Large  Array  (VLA)  radio  interferometer  in 
New  Mexico  consists  of  27  parabolic  antennas  of  25 
meter  diameter  each,  movable  along  a  Y-shaped  system 
of  rail  tracks  extending  to  about  30  km  from  the  center. 
The  largest  single-dish  telescope  operating  at  millimeter 
wavelengths,  at  Nobeyama  in  Japan,  has  a  diameter  of  45 
m  and  the  largest  mm-wave  interferometer,  of  IRAM  in 
France,  has  7  15  m  parabolic  dishes.  Much  larger  ins¬ 
truments  are  being  planned  for  observations  throughout 
the  radio  domain,  though,  see  Sect.  5  for  a  brief  summa- 

ty- 

Single-dish  telescopes  provide  detailed  spectra  of 
celectial  objects  within  their  beam,  while  radio  interfe¬ 
rometers  provide  detailed  3 -dimensional  image  cubes  of 
celestial  line  sources,  using  the  Doppler  effect  to  map  the 
distribution  and  kinematics  of  atoms  and  molecules. 

Modem  large  radio  telescopes  routinely  provide  spec¬ 
tral  line  data  with  a  sensitivity  of  order  of  a  milliJansky 
(1  mJy  corresponds  to  10’^^  W  Hz‘^)  within  integra¬ 
tion  times  varying  from  minutes  to  hours,  depending  on 
the  instrument's  size  and  nature  (single-dish  or  interfe¬ 
rometer),  though  they  can  also  achieve  sensitivity  levels 
of  a  few  microJanskys.  To  achieve  these  state-of-the-art 
high  quality  results  often  long  integration  times  are  nee¬ 
ded,  and  an  EMC  environment  that  does  not  generate 
harmful  interference. 

Unfortunately,  the  tremendous  sensitivity  of  large 
radio  telescopes  makes  them  able  to  pick  up  harmful 
interference  through  their  sidelobes  in  virtually  any  di¬ 
rection,  often  from  outside  the  allocated  and  protected 
radio  astronomy  bands  in  which  the  celestial  sources  are 
actually  being  observed.  So  on  top  of  the  extremely  weak 
radio  lines  from  the  astronomical  source  they  are  pointed 
at,  they  superpose  omnidirectionally  collected  out-of- 
band  RFI  signals. 

In  practice,  it  is  extremely  difficult,  or  even  impossi¬ 
ble,  to  conclude  if,  and  to  what  extent,  astronomical 
measurements  are  contaminated  by  interference  (RFI). 
One  reason  is  that  RFI  often  mimics  the  signal  the  scien¬ 
tist  is  interested  in,  and  another  is  that  in  order  to  distin¬ 
guish,  calibrate  and  ultimately  remove  interference,  it 
must  be  accurately  known  which  part  of  the  antenna 
pattern  received  the  harmful  signal,  which  is  generally 
not  possible. 

4.  SCIENTIFIC  INTERESTS 

Here,  the  scientific  interests  of  astronomical  radio  line 
observations  are  briefly  discussed,  in  order  of  increasing 
frequency  of  the  allocated  bands. 

322-328.6  MHz:  Deuterium  (D) 

Besides  its  use  for  continuum  observations  of  radio  ga¬ 
laxies,  it  contains  a  spectral  line  of  deuterium  at  a  rest 
frequency  of  327.4  MHz.  The  relative  abundance  of 
deuterium  and  hydrogen  is  related  to  problems  of  the 
origin  of  the  Universe  and  the  primordial  synthesis  of 
elements  in  the  Big  Bang. 
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1330-1400/1400-1427  MHz:  neutral  hydrogen  (Hi) 

Most  radio  astronomical  line  observations  are  made  in 
the  so-called  21-cm  line  (at  1420.4  MHz  rest  frequency) 
of  neutral  hydrogen,  Hi.  Hydrogen  is  by  far  the  most 
abundant  (90%)  element  in  the  Universe,  it  has  been 
virtually  omnipresent  in  both  space  and  time  and  most 
atoms  are  in  the  ground  state,  the  state  in  which  the  line 
occurs. 

Since  its  discovery  in  1951,  it  serves  as  the  most  criti¬ 
cal  tracer  of  the  structure  and  dynamics  of  the  Milky 
Way  galaxy,  as  indicator  of  redshift  (distance)  dynamics 
and  mass  of  other  galaxies,  to  measure  the  Hubble  ex¬ 
pansion  flow  of  the  Universe  (and  local  digressions  from 
it)  and  as  probe  of  the  early  phases  of  the  Universe. 

Of  external  galaxies  the  observed,  doppler-shifted  Hi 
line  frequency  measures  its  velocity  along  the  line  of 
sight,  the  redshift,  which  determines  its  distance  from  us 
in  the  expanding  Universe.  The  Hi  redshifts  of  about 
10,000  galaxies  have  already  been  measured.  Local  di¬ 
gressions  of  galaxies  from  the  global  expansion  flow 
indicate  the  presence  of  local  mass  concentrations 
(groups  and  (super)clusters  of  hundreds  up  to  ten  thou¬ 
sands  of  galaxies)  and  allow  an  estimate  of  their  total 
gravitational  masses,  of  which  usually  only  a  small  frac¬ 
tion  can  be  traced  through  observations  in  the  electroma¬ 
gnetic  spectrum  (like  of  stars  in  visible  light  and  of  Hi 
gas  in  the  21  cm  line). 

In  the  local  Universe,  mapping  galaxy  redshifts  has 
revealed  the  presence  of  a  huge  mass  concentration, 
dubbed  the  Great  Attractor,  at  a  distance  of  about 
200,000  lightyears.  At  optical  wavelengths,  this  structure 
lies  completely  hidden  behind  the  dense  dust  and  gas 
clouds  in  the  plane  of  the  Milky  Way  and  only  radio  line 
observations  could  reveal  it  and  probe  its  properties. 

The  main  mass  component  in  the  Universe,  sensed 
through  line  measurements  of  galaxy  kinematics,  re- 
mainsas  yet  unidentified  and  has  been  dubbed  Dark 
Matter.  This  elusive  material  appears  to  be  present  prac¬ 
tically  everywhere  and  may  be  able  to  "close"  the  Uni¬ 
verse,  i.e.,  its  gravitational  pull  may  slow  down  the  ex¬ 
pansion  of  the  Universe,  started  in  the  Big  Bang  explo¬ 
sion,  and  ultimately  stop  it. 

The  total  mass  of  individual  galaxies  can  be  estimated 
from  the  width  of  the  Hi  line,  as  measured  with  single 
dish  telescopes,  which  measures  the  rotation  velocity  of 
the  gas  in  the  galactic  disks.  Using  radio  interferometer 
observations,  sophisticated  mass  distribution  models  can 
be  made  using  surface  photometry,  obtained  from  optical 
or  infrared  CCD  imaging,  and  the  Hi  rotation  curve  (i.e., 
the  rotation  velocity  of  the  gas  as  function  of  its  distance 
to  the  center  of  the  galaxy)  -  these  models  have  shown 
that  the  Hi  rotation  velocities  are  strikingly  constant  in  a 
given  galaxy,  even  far  outside  the  visible  stellar  galactic 
disks,  where  Hi  gas  can  still  be  detected,  implying  the 
need  for  large  fractions  of  Dark  Matter  inside  and  around 
galaxies,  surrounding  the  radiating  stellar  and  gaseous 
disk  in  a  dark  halo. 


As  the  Universe  is  expanding,  the  Hi  line  emission  of 
other  galaxies  is  observed  as  redshifted  towards  lower 
frequencies,  and  as  the  sensitivity  of  radio  telescopes 
improves  increasingly  distant  galaxies  can  in  principle  be 
detected  in  H  at  ever  lower  frequencies  -  even  around 
327  MHz  giant  clouds  are  being  observed,  sampling  a 
"look-back"  time  of  over  10  billion  years  ago,  preceding 
the  epoch  of  galaxy  formation. 

Clearly,  many  scientific  reasons  drive  astronomers  to 
observe  at  frequencies  below  1400  MHz,  where  the  tre¬ 
mendous  distances  of  the  objects  observed  make  their  HI 
lines  extremely  weak,  and  much  fainter  than  most  man¬ 
made  transmissions.  Hence  the  critical  importance  of  the 
regulation  of  frequency  usage  and  its  restriction  to  well- 
defined  narrow  bands  as  well  as  the  limitation  of  spu¬ 
rious  emission  within  the  radio  astronomy  bands  in  order 
to  allow  the  continued  use  of  this  unique  probe  of  the 
history  and  evolution  of  the  Universe. 

1610.6-1613.8/1660-1670/1718.8-1722.2  MHz:  OH 

Another  well-observed  series  of  lines  are  those  of  the 
OH  radical  which  has  4  so-called  primary  and  satellite 
lines  in  the  1.6  GHz  range.  OH  is  a  widespread  and 
abundant  molecule,  observed  throughout  the  Galaxy  and 
in  other  galaxies.  Under  special  conditions  these  lines 
can  be  greatly  enhanced  by  stimulated  emission,  creating 
powerful  maser  sources.  They  are  found  in  a  quite  di¬ 
verse  range  of  objects,  such  as: 

Comets,  great  balls  of  dirty  water  ice  which  evaporates 
when  heated  in  the  vicinity  of  the  Sun,  surrounding  them 
by  a  cloud  of  OH  gas.  Radio  observations  can  determine 
the  rate  of  outgassing  of  a  comet  as  a  function  of  time, 
as  well  as  very  accurate  radial  velocities  and  the  in¬ 
fluence  of  the  pressure  by  solar  wind  particles. 

Massive  stars,  considerable  heavier  than  the  Sun, 
when  nearing  the  final  phases  of  their  life,  become  insta¬ 
ble.  Their  light  output  becomes  variable  on  periods  of 
months  to  years  as  they  undergo  a  regular  contraction 
and  expansion  stage,  and  they  start  shedding  the  outer¬ 
most  layers  of  their  atmosphere,  forming  circumstellar 
gas  shells  around  themselves,  which  are  expanding  with 
several  tens  of  kilometers  per  second.  Radio  line  obser¬ 
vations  permit  a  study  of  these  expanding  shells,  provi¬ 
ding  accurate  radial  velocities  (important  for  mapping 
the  Milky  Way,  as  these  amplified  maser  sources  can  be 
traced  to  its  very  egdes)  and  giving  inside  into  basic 
questions  of  stellar  structure  and  evolution.  The  structure 
and  kinematics  of  the  shell  can  be  mapped  using  radio 
interferometers  with  baselines  of  up  to  several  hundred 
kilometers,  such  as  MERLIN  in  the  UK  and  the  VLBA 
in  the  U.S.A.,  or  through  VLBI  (Very  Large  Baseline 
Interferometry)  networks  spanning  the  dimensions  of  the 
Earth  itself. 

The  most  powerful  maser  sources  known  occur  in  the 
centers  of  so-called  OH  megamaser  galaxies,  with  out- 
puts  sometimes  exceeding  10  W.  They  are  located  in 
the  dust-shrouded  nuclei  of  infrared  luminous  galaxies, 
which  are  often  violently  interacting  or  merging  galaxy 
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at  less  than  3  times  the  line’s  rest  frequency  and  thus  far 
outside  the  frequency  band  allocated  for  its  observation. 

Molecules  have  series  of  lines,  and  lines  of  higher 
transitions,  occuring  at  higher  frequencies,  can  someti¬ 
mes  be  observed  within  a  band  allocated  to  the  rest  fre¬ 
quency  of  a  lower  transition.  Linking  observations  of 
quite  different  lines  in  different  redshift  ranges  made 
within  a  single  band  is  veiy  difficult,  however,  as  they 
are  formed  under  quite  different  physical  conditions. 

Frequency  protection  at  mm  wavelengths 

As  is  clear  from  the  previous  section,  the  entire  mm- 
wave  spectrum  is  full  of  lines,  each  potentially  providing 
information  inacessible  through  other  means.  Many  lines 
remain  unidentified.  The  International  Astronomical 
Union  has  compiled  a  list  [6]  of  the  72  "astrophysically 
most  important  spectral  lines”,  with  rest  frequencies 
covering  the  327  MHz  to  809  GHz  range,  in  an  attempt 
to  assign  relative  scientific  priorities,  but  it  can  only 
serve  as  a  guide  as  we  cannot  foresee  future  discoveries 
or  needs.  In  principle,  astronomers  need  access  to  the 
entire  mm-vrindow,  and  the  presently  allocated  bands, 
determined  in  the  early  70’s  when  only  a  few  strong  lines 
had  been  detected,  are  hugely  inadequate. 

As  the  commercial  exploitation  of  the  spectrum  moves 
towards  ever  increasing  frequencies,  serious  thought 
needs  to  be  given  to  ensure  the  survival  of  mm-  and 
submm-wave  astronomy.  It  seems  clear  that  radio  astro¬ 
nomy  can  share  the  spectrum  with  several  fixed  services, 
for  example  through  coordination  or  radio-quiet  zones. 
This  will  be  impossible,  however,  in  the  case  of  the  sa¬ 
tellite  serviees.  There,  for  example,  "guard”  bands  eould 
be  set  up  arotmd  radio  astronomy  allocations  which 
could  be  allocated  to  some  of  the  fixed  services  more 
compatible  with  the  strict  requirements  of  the  Radio 
Astronomy  Service. 

5.  FUTURE  GIANT  RADIO  TELESCOPES 

The  radio  astronomical  community  plans  to  build  new- 
generation  radio  telescopes  with  very  large  collecting 
surfaces  which  will  drastically  improve  the  sensitivity  of 
observations  over  a  very  wide  frequency  range  (about  20 
MHz  to  800  GHz): 

-  ALMA,  a  millimeter  wavelength  interferometer,  con¬ 
sisting  of  60-odd  parabolic  dishes  of  about  15  meter 
diameter  each  (the  largest  existing  millimeter  interfero¬ 
meter  at  IRAM  consists  of  6  15  m  dishes),  - 

-  LOFAR,  an  interferometer  for  use  at  decametric  wave¬ 
lengths  with  a  collective  surface  of  about  a  square  kilo¬ 
meter  (the  largest  existing  decametric  array,  at  Kharkov, 
has  a  surface  of  about  20,000  square  meters)  and 

-  the  Square  Kilometer  Array,  SKA,  an  interferometer 
for  use  in  the  metric  to  centimetric  range,  also  with  a 
collective  surface  of  a  square  kilometer  (the  largest  ope¬ 
rational  interferometer,  VLA,  has  27  25  m  dishes)  [7]. 

These  will  revolutionize  radio  astronomical  research 
in  about  all  scientific  fields.  In  extragalactic  research,  for 


example,  SKA  will  allow  the  detailed  imaging  of  ordina¬ 
ry  spiral  galaxies  in  the  21  cm  Hi  line  out  to  a  redshift  of 
about  2  (where  most  of  the  objects  in  the  Hubble  Tele¬ 
scope  Deep  Field  lie)  and  HI  detections  of  normal  spiral 
galaxies  out  to  redshifts  z  of  about  5;  OH  megamaser 
starburst  galaxies  can  readily  be  detected  out  to  z=8. 
This  view  of  the  distant  Universe,  complemented  by 
those  of  other  planned  very  large  ground-based  and  space 
observatories,  like  the  two  other  planned  radio  interfe¬ 
rometers  ALMA  and  LOFAR,  will  revolutionize  our 
knowledge  of  these  seminal  early  epochs  as  well  as  of 
closerby  objects. 

These  are  long-term  multinational,  if  not  basically 
world-wide,  projects  with  budgets  of  up  to  about  half  a 
billion  current  US  dollars  each.  The  LOFAR  array  could 
be  completed  by  the  year  2005,  while  for  ALMA  and 
SKA  operation  dates  of  2008  and  2012  are  being  plan¬ 
ned. 

Clearly,  the  arrival  of  such  giant  instruments  poten¬ 
tially  capable  of  tracing  line  emission  of  at  least  hun¬ 
dreds  of  atoms  and  molecules  redshifted  throughout  the 
radio  spectrum  out  to  the  edges  of  the  Universe,  requires 
that  careful  thought  has  to  be  given  to  spectral  manage¬ 
ment  aspects,  the  establishment  of  (international)  radio 
protection  zones  around  the  instruments  and  the  design 
of  interference-robust  instruments  in  order  to  allow  these 
giant  radio  telescopes  to  attain  their  scientific  goals. 
Recommendations  from  an  astronomical  point  of  view 
on  the  improvement  of  the  regulatory  context  for  scienti¬ 
fic  research  using  radio  frequencies  are  given  elsewhere 
in  the  present  Proceedings  [2]. 
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pairs  being  shaped  into  a  single  entity.  The  presence  of 
the  OH  line  is  an  indicator  for  this  rare  kind  of  avtivity, 
and  because  of  the  maser  enhancement  these  powerful 
sources  can  be  observed  out  to  very  large  distances.  The 
redshift  of  these  distant  objects  takes  them  well  outside 
the  protected  bands  and  the  most  distant  are  actually 
observed  in  the  21  cm  band. 

Though  the  Radio  Astronomy  Service  has  primary  allo¬ 
cations  in  this  domain,  where  no  other  radio  spectrum 
user  should  disturb  its  observations,  according  to  the 
ITU-R  Radio  Regulations  [5],  two  satellite  systems, 
designed  badly  and  without  taking  the  rights  of  radio 
astronomy  into  account  have  threatened  our  observations 
in  recent  years:  the  Russian  global  navigation  system 
GLONASS  and  the  commercial  mobile  satellite  commu¬ 
nication  system  Iridium  [3],  and  radio  astronomy  has 
found  itself  in  the  peculiar  situation  of  being  forced  to 
negotiate  a  limited  access  to  its  own  allocated,  protected 
bands  and  to  accept  their  pollution  by  another  spectrum 
user  who  had  taken  no  steps  to  prevent  this  pollution, 
despite  warnings  by  the  radio  community.  Such  an  ob¬ 
viously  unwanted  situation  could  lead  to  dangerous  pre¬ 
cedents  for  all  radio  services  [2]. 

3100-3400  MHz:  CH 

In  this  band,  three  lines  of  the  CH  molecule  have  been 
detected  at  rest  frequencies  of  3263,  3335  and  3349 
MHz.  The  study  of  interstellar  CH  is  considered  to  be 
extremely  important  in  understanding  the  chemistry  of 
interstellar  material.  Its  presence  suggests  the  existence 
of  the  molecule  CH4  (methane),  considered  as  one  of  the 
basic  molecules  for  the  initial  stages  of  the  formation  of 
life  in  the  Universe.  These  frequencies  have,  unfortuna¬ 
tely,  only  been  allocated  to  radio  astronomy  by  a  footnote 
in  the  Radio  Regulations. 

4950-4990  MHz:  formaldehyde  (H2CO) 

Besides  its  wide  use  for  radio  cotinuum  studies,  one  of 
the  most  important  uses  of  this  band  is  the  study  of  for¬ 
maldehyde  (H2CO)  in  interstellar  clouds,  which  has  a 
rest  frequency  of  4829.7  MHz.  The  importance  of  the 
line  lies  in  the  fact  that  it  can  be  detected  in  absorption 
against  continuum  sources,  even  against  the  3K  cosmic 
backround  radiation.  Isotopic  abundance  studies  have 
also  been  made  using  its  carbon  and  oxygen  isotopes, 
providing  insight  in  the  state  and  distribution  of  these 
elements,  produced  earlier  in  the  interiors  of  massive 
stars  and  flung  into  the  interstellar  medium  during  super- 
novae  explosions. 

Around  20  GHz:  molecular  lines 

In  particulier  the  band  between  1 8  and  30  GHz  is  densely 
packed  with  spectral  lines,  but  only  37  out  of  the  173 
lines  listed  in  1986  lie  inside  protected  bands.  So  it  is 
feared  that  many  lines  will  become  unobservable,  seen 
the  increased  usage  of  this  spectral  region,  especially  for 


satellite  downlinks  like  those  for  HDTV  broadcasts. 
Astronomers  would  like  to  be  able  to  observe  occasio¬ 
nally  in  certain  bands,  in  agreement  with  the  relevant 
ITU-R  recommendation  to  administrations. 

Beyond  30  GHz:  (sub)millimeter  wavelengths 

In  space,  matter  can  exist  in  molecular  form  if  it  is  far 
enough  away  from  the  ultraviolet  radiation  from  hot 
stars,  which  can  split  molectiles  into  their  atomic  com¬ 
ponents.  Spectral  line  radiation  from  a  given  kind  of 
molecule  occurs  as  a  series  of  lines,  which  are  different 
for  each  molecule,  and  whose  relative  intensities  depend 
on  the  physical  conditions  in  which  the  molecule  is  si¬ 
tuated,  such  as  temperature  and  density. 

Spectroscopy  is  one  of  the  main  tools  of  millimeter- 
wave  radio  astronomy,  as  it  is  frequently  necessary  to 
observe  several  lines,  or  transitions,  of  a  given  molecule 
to  determine  local  physical  conditions,  or  to  unambi¬ 
guously  identify  the  emitting  molecule,  whose  individual 
lines  may  be  masked  by  lines  from  other  molecules  and 
whose  observed  line  frequencies  are  shifted  because  of 
the  source’s  radial  motion  in  space. 

At  present,  thousands  of  spectral  lines  have  been 
identified  in  the  millimetric  and  submillimetric  spectral 
domain,  representing  well  over  a  hundred  different  mo¬ 
lecules  found  in  a  diverse  array  of  objects.  These  objects, 
which  in  general  cannot  be  studied  in  other  frequency 
domains,  include  proto-planetary  disks  around  young 
stars,  low-temperature,  dense  and  dusty  cocoons  sur¬ 
rounding  protostars  and  young  galaxies  at  high  redshift 
in  the  early  Universe.  Some  of  the  identified  molecules 
are  quite  complex  organic  species  consisting  of  up  to  a 
dozen  atoms.  Quantities  can  be  astronomical  indeed  :  the 
nucleus  of  the  Milky  Way  contains  enough  C2H5OH  to 
fill  10  bottles  of  80  proof  alcohol.  Astronomical  obser¬ 
vations  are  already  being  made  up  to  frequencies  of 
about  2  THz.  An  example  of  well-observed  lines  is: 

105-116/217-231  GHz:  carbon  monoxide  (CO) 

These  are  the  most  frequently  observed  millimeter  bands, 
equal  in  importance  to  the  21  cm  Hi  line  band  at  1400- 
1427  MHz,  as  they  contain  lines  of  carbon  monoxide 
(CO)  and  its  isotopes. 

These  lines  provide  powerful  tools  for  the  study  of 
cosmic  isotope  ratios,  as  CO  is  a  relative  stable  molecule 
compared  to  others  found  in  interstellar  space  and  as  it 
appears  to  be  relatively  abundant  and  widespread  in  the 
disk  of  spiral  galaxies,  like  the  Milky  Way,  where  they 
can  be  used  to  trace  the  spiral  arms. 

It  seems  to  play  an  important  role  in  the  chemistry  of  the 
interstellar  medium  and  its  high  abundance  may  be  due 
to  an  efficient  formation  mechanism. 

Where  these  lines  have  been  detected  in  other  ga¬ 
laxies,  their  observed  redshifted  frequencies  will  be 
(radically)  different  from  the  rest  frequencies.  CO  lines 
have  been  detected  in  very  distant  galaxies  undergoing 
intense  bursts  of  star  formation  at  redshifts  of  over  3,  i.e., 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


EMC  2000 


SCIENTIFIC  USE  OF  RADIO  -  CHALLENGES  FROM  SPACE 


Anders  Winnberg 
Onsala  Space  Obsen^atory 
SE  -  439  92  Onsala,  Sweden 
fax:  +46  31  772  5590;  e-mail:  anders@oso.chalmers,se 


Astronomy,  several  geophysical  sciences  including  me¬ 
teorology,  and  various  remote  sensing  sciences  use  ra¬ 
dio  receivers  to  register  extremely  weak  natural  radio 
radiation  from  a  multitude  of  objects  and  media.  The 
sensitivity  requirements  of  all  these  sciences,  and  in 
particular  radio  astronomy,  make  them  very  vulnerable 
to  interference  from  man-made  radio  signals.  Even  out- 
of-band  emission  from  active  radio  services  in  nearby 
frequency  bands  could  be  harmful  to  a  passive  scientific 
radio  service.  As  long  as  the  interfering  radio  trans¬ 
mitters  are  ground-based,  geographic  coordination 
could  solve  the  problem,  in  principle.  In  recent  years, 
however,  many  satellite-bome  radio  services  have  been 
defined,  using  low  polar  orbits.  Such  satellites  cover 
the  entire  surface  of  the  Earth  in  a  short  time  and 
therefore  no  place  is  geographically  protected  from 
interference.  Due  to  the  increasing  congestion  in  the 
radio  spectrum,  several  satellite  services  have  been  al¬ 
located  in  frequency  bands  adjacent  to  or  close  to  bands 
allocated  to  the  radio  astronomy  service.  There  still  is 
a  danger  that  many  future  satellite  services  will  be  allo¬ 
cated  in  bands  close  to  radio  astronomy  bands.  Exam¬ 
ples  of  such  cases  are  given. 

1.  INTRODUCTION 

There  are  several  scientific  radio  services,  but  only 
some  of  them  are  registered  as  Radio  Communication 
Services  within  the  International  Telecommunication 
Union  (ITU).  Many  scientific  radio  services  are  ’^pas¬ 
sive’,  i,e.  they  only  receive  natural  radio  radiation  and 
do  not  transmit  any  artificial  radio  signals.  Examples  of 
such  services  are  radio  astronomy  and  aeronomy.  Other 
scientific  radio  services  are  ‘active’,  i.e.  they  receive 
reflected  or  backscattered  echoes  from  transmitted  sig¬ 
nals  like  a  radar  system.  Examples  of  such  services  are 
remote  sensing  using  Synthetic  Aperture  Radar  (SAR) 
and  Ionospheric  Incoherent  Scatter  Radars,  like  the 
EISCAT  installations. 

I  will  limit  myself  to  passive  scientific  radio  ser¬ 
vices  in  this  paper,  however,  because  they  are  the  most 
vulnerable  services  to  man-made  radio  signals.  First  I 
will  give  a  brief  description  of  scientific  radio  services 
(Section  2)  followed  by  a  description  of  satellite  radio 
services  (Section  3).  Then  I  will  give  examples  of  inter¬ 
ference  from  satellites  (Section  4)  and  of  future  chal¬ 


lenges  (Section  5)  followed  by  brief  conclusions  (Sec¬ 
tion  6). 

For  a  recent  account  of  the  threat  to  radio  astron¬ 
omy,  the  reader  is  referred  to  [1]. 

2.  SCIENTIFIC  RADIO  SERVICES 
2.1  Radio  astronomy 

Radio  astronomy  was  registered  as  a  Radiocommunica¬ 
tion  Service  with  the  ITU  in  1959.  Some  of  the  fre¬ 
quency  bands  reserved  for  the  Radio  Astronomy  Service 
(RAS)  originate  from  the  World  Administrative  Radio 
Conference  that  same  year  (WARC59). 

Radio  astronomy  is  a  division  of  the  science  of  as¬ 
tronomy,  and  it  studies  the  universe  with  the  help  of 
natural  radio  radiation.  Due  to  its  extreme  sensitivity 
radio  astronomy  is  very  vulnerable  to  interference. 
Many  countries  in  the  world,  including  third-world 
countries,  have  invested  large  sums  of  money  in  radio 
astronomy  and  they  have  the  obligation  to  enable  the 
efiicient  operation  of  these  ex’pensive  facilities. 

Traditionally  radio  astronomy  observatories  have 
been  built  far  from  populated  regions,  sometimes  in 
valleys,  to  avoid  man-made  radio  signals.  This  solution 
to  the  interference  problem,  however,  is  not  sufficient 
any  longer  since  several  satellite-borne  radiocommuni¬ 
cation  services  have  been  introduced.  There  is  no  place 
on  our  planet  that  is  protected  from  interference  from 
down-looking  transmitters  carried  onboard  non-geosta- 
tionary  (NGSO)  polar-orbit  satellites. 

One  place  that  is  often  mentioned  in  the  context  of 
interference  to  radio  astronomy  is  the  backside  of  the 
moon.  There  would  be  several  advantages  with  a  radio 
observatory  on  that  site,  such  as  the  great  distance  and 
shielding  from  the  terrestrial  interference  sources  and 
the  low  gravity.  As  a  matter  of  fact  a  commission  with¬ 
in  the  International  Astronomical  Union  (lAU)  is 
working  on  this  idea.  However,  the  cost  for  the  con¬ 
struction  and  running  of  such  a  station  would  exceed  the 
total  cost  for  all  existing  ground-based  radio  observa¬ 
tories.  The  question  is  whether  such  a  project  would 
become  financially  feasible  before  the  space  beyond  the 
moon  would  be  filled  with  interfering  space  vehicles! 

Of  course  the  reason  for  the  vulnerability  of  radio 
astronomy  is  its  great  sensitivity  necessitated  by  the 
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extreme  weakness  of  natural  radio  radiation  from  extra¬ 
terrestrial  sources.  This  is  reflected  in  the  special  unit 
for  spectral  flux  density  that  was  introduced  in  radio 
astronomy  in  its  early  days:  1  Jansky  =  1  Jy  =  10'^^  W 
m'^  liz  \  i.e.  -260  dB(W  m'^  Hz'^).  Many  modem  radio 
astronomy  instruments  are  capable  of  detecting  noise 
signals  with  an  intensity  of  the  order  of  a  few  pJy. 

Radio  astronomy  was  the  first  new  division  of  as¬ 
tronomy  that,  after  the  Second  World  War,  introduced 
electronic  techniques  to  astronomy  on  a  large  scale. 
This  revolutionized  the  science  and  today  there  is  no 
part  of  observational  astronomy  -  not  even  the  classical 
optical  astronomy  -  that  is  not  heavily  dependent  on 
electronics.  The  constant  quest  for  better  sensitivity  and 
resolution  by  the  astronomers  has  lead  to  a  rapid  rate  of 
electronic  inventions  and  development  of  know-how 
within  the  astronomical  science.  This  in  turn  has  had  a 
cross-fertilization  effect  between  astronomy  and  indus¬ 
try. 

2.2  Geodesy 

The  science  of  geodesy  measures  the  shape  of  the  earth. 
Geodetic  data  taken  at  many  time  epochs  are  used  by 
geophysical  sciences  like  geodynamics  which  deals  with 
motions  of  the  earth  crust  and  changes  in  the  axis  of 
rotation.  In  the  seventies  geodesy  got  a  very  powerful 
tool  from  radio  astronomy:  Very  Large  Baseline  Inter¬ 
ferometry  (VLBI),  Tills  is  perhaps  the  most  sophisti¬ 
cated  technique  in  radio  astronomy,  enabling  enormous 
angular  resolutions.  It  involves  radio  telescopes  sepa¬ 
rated  by  very  large  distances  across  continents  and  even 
on  different  continents.  These  radio  telescopes  observe 
the  same  cosmic  radio  source  simultaneously,  but  since 
the  distances  between  them  are  so  large,  the  signals 
cannot  be  brought  together  online  with  preserved  phase. 
Therefore  they  are  recorded  on  magnetic  video  tape  at 
each  station  together  with  accurate  time  codes  and  when 
the  observing  session  is  over,  these  tapes  are  transported 
to  a  special  correlator  where  the  signals  are  correlated 
pairwise.  The  correlated  signals  are  further  reduced  in  a 
general  purpose  computer  and  the  end  product  is  a  map 
of  the  radio  source  with  very  high  magnification.  The 
record  angular  resolution  achieved  to  date  is  50  micro 
arcsecond,  about  10‘^  or  the  angle  that  a  golf  ball  on 
the  moon  would  occupy  as  seen  from  the  earth! 

The  astronomical  use  of  the  VLBI  technique  is 
based  on  the  assumption  that  the  geographical  positions 
of  the  participating  radio  telescopes  are  well  known.  In 
the  course  of  time  a  long  list  of  point-like,  distant  radio 
sources  with  accurate  celestial  positions  has  been  com¬ 
piled.  By  observing  these  sources  over  and  over  again 
one  could  determine  the  geograpliical  positions  of  the 
radio  telescopes  with  increasing  accuracy.  Tliis  is  how 
geodesy  is  using  the  VLBI  technique. 

Geodetic  VLBI  uses  two  frequency  bands,  at  about 

2.2  GHz  and  8.5  GHz.  These  two  bands  are  observed 
simultaneously  in  order  to  correct  for  ionospheric  ef¬ 
fects.  The  VLBI  technique  is  rather  robust  against  inter¬ 
ference  since  the  interfering  signal  must  be  phase  coher¬ 


ent  to  at  least  two  participating  radio  telescopes  to  cause 
a  signal  in  the  correlated  output,  a  situation  which  could 
occur  only  for  relatively  close  telescopes  or  for  a  trans¬ 
mitter  on  a  distant  satellite  or  space  probe.  A  strong  in¬ 
terfering  signal,  however,  could  drive  one  of  the  VLBI 
receivers  into  saturation. 

Space  geodesy  is  not  a  separate  radio  service  It 
uses  bands  allocated  to  Space  Research  and  Earth  Ex¬ 
ploration-Satellite  services  and  sometime  it  goes  outside 
these  bands  on  its  own  risk.  A  potential  threat  to  space 
geodesy  has  emerged  in  the  United  States  where  the 
band  2.31  -  2.36  GHz  has  been  allocated  to  the  Broad¬ 
casting-Satellite  Service  for  digital  audio  broadcasting 
from  geostationary  satellites.  Two  operators  are  sched¬ 
uled  to  start  operations  this  year. 

2.3  Aeronomy 

The  science  of  aeronomy  is  dealing  with  the  physics  and 
chemistry  of  planetary  atmospheres,  including  the  at¬ 
mosphere  of  our  own  planet.  Within  the  last  twenty 
years  microwave  technique  has  been  introduced  in  aer¬ 
onomy,  again  as  a  ‘gift’  from  radio  astronomy,  as  a  very 
powerful  tool  to  probe  the  terrestrial  ‘middle  atmo¬ 
sphere’,  i.e.  the  stratosphere  and  the  mesosphere  (alti¬ 
tudes  10  to  100  km).  Several  gases  (CIO,  CO,  H2O  and 
O3)  can  be  detected  and  studied  through  rotational 
spectral  lines  in  the  millimetre  and  sub-millimetre  wave 
range.  The  dominating  line  broadening  mechanism  is 
pressure  broadening  and  therefore,  by  analyzing  the 
shape  of  the  line  profile,  one  can  deduce  the  abundance 
of  the  species  as  a  function  of  pressure,  i.e.  altitude. 

‘Radio  aeronomy’  measurements  are  carried  out 
both  from  the  ground  and  from  satellites.  The  atmo¬ 
spheres  of  Venus,  Jupiter  and  Saturn  can  be  studied  also 
using  large  radio  telescopes  or  interferometers.  This  is 
considered  as  radio  astronomy,  though. 

‘Radio  aeronomy’,  like  ‘space  geodesy’,  is  not  a 
separate  radio  service  either.  Several  of  its  require¬ 
ments,  however,  hopefully  will  be  taken  care  of  during 
the  next  World  Radiocommunication  Conference 
(WRC2000).  Active  radio  operators  in  the  millimetre 
wave  bands  are  still  rare  but  several  services  are 
planned  for  the  future  (see  Section  5). 

2.4  Remote  sensing 

A  great  variety  of  techniques  is  collected  into  the  con¬ 
ception  of  ‘remote  sensing’.  These  techniques  are  used 
in  both  basic  research  and  in  applied  research  and  they 
can  be  both  passive  and  active. 

One  research  area  which  uses  remote  sensing  is 
meteorology.  Another  example  of  remote  sensing  is  the 
monitoring  of  the  earth  surface  from  satellites  to  esti¬ 
mate  resources,  e.g.  forest,  or  to  study  the  seas. 

There  are  three  Radiocommunication  Services 
which  are  associated  witiii  remote  sensing.  Meteo¬ 
rological-Satellite  Service  (MetS),  Meteorological  Aids 
Service  (MetA)  and  Earth  Exploration-Satellite  Service 
(EESS).  MetA  is  mainly  instruments  onboard  balloons. 
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3.  SATELLITE  RADIO  SERVICES 

The  following  commercial  and  utility  satellite  radio  ser¬ 
vices  have  been  defined  and  registered  within  ITU: 
Amateur-Satellite  Service  (AmSS),  Broadcasting  Satel¬ 
lite  Service  (BSS),  Fixed-Satellite  Service  (FSS),  Inter- 
Satellite  Service  (ISS),  Mobile-Satellite  Service  (MSS), 
Radiodetermination-Satellite  Service  (RDSS),  Radio¬ 
location-Satellite  Service  (RLSS),  Radionavigation-Sat- 
ellite  Service  (RNSS)  and  Space  Operation  Service 
(SpO). 

MSS  and  RNSS  are  subdivided  into  Aeronautical, 
Land  and  Maritime  sections. 

I  will  not  deal  with  the  AmSS  and  SpO  services  be¬ 
cause  they  are  not  causing  any  problem  for  scientific 
radio  services  to  my  knowledge. 

3.1  Broadcasting  Satellite  Service 

This  service,  established  already  in  1971,  is  predomi¬ 
nantly  used  for  television  broadcasting  but  Digital  Au¬ 
dio  Broadcasting  (DAB)  is  coming  soon.  The  satellites 
usually  are  geostationary.  The  allocated  bands  are  1452 
-  1492  MHz,  11.7  -  12.5  GHz,  21.4  -  22.0  GHz,  40.5  - 

42.5  GHz  and  84 -86  GHz.  The  band  11.7  -  12.5  GHz 
is  a  problem,  because  one  operator  is  causing  heavy 
pollution  in  the  RAS  band  10.6  -  10.7  GHz  (see  section 
4).  The  band  40.5  -  42.5  GHz  is  a  potential  problem 
because  it  is  adjacent  to  the  RAS  band  42.5-43.5  GHz 
containing  spectral  lines  of  silicon  monoxide.  However, 
so  far  no  operator  has  taken  up  this  band  in  Europe  and 
the  European  administrations  will  try  to  delete  the  BSS 
from  this  band  at  the  WRC2000.  The  band  in  the  3-mm 
wavelength  range  (84  -  86  GHz)  has  not  been  used  so 
far  either.  It  probably  will  be  moved  to  74  -  76  GHz  at 
WRC2000. 

3.2  Fixed-Satellite  Service 

This  is  one  of  the  oldest  satellite  services  and  it  is  used 
for  communication  between  fixed  earth  stations  via  sat¬ 
ellite  both  as  audio  and  video.  A  large  number  of  fre¬ 
quency  bands  have  been  allocated  to  FSS  but  the  need 
for  more  band  is  still  strong.  The  American  administra¬ 
tion  is  trying  to  get  the  band  40.5  -  42.5  GHz  allocated 
to  FSS  (Teledesic)  but  most  European  administrations 
are  against  this,  mainly  because  they  want  to  protect 
terrestrial  systems  in  the  Fixed  Service  (FS)  and  the 
Broadcasting  Service  (BS).  Again  the  RAS  band  42.5  - 

43.5  GHz  is  at  stakes.  Already  FSS  is  allocated  inside 
the  RAS  band  but  only  for  uplinks  which  are  easier  to 
coordinate,  especially  for  fixed  earth  stations. 

3.3  Inter-Satellite  Service 

Many  satellite  systems  need  to  have  communication 
between  the  satellites.  This  could  cause  problems  for 
satellite-borne  scientific  radio  services  using  bands 
close  to  ISS  bands.  There  is  an  ISS  band  around  23 


GHz  which  lies  between  two  RAS  bands  for  spectral- 
line  observations  (water  vapour  and  ammonia).  This 
could  cause  problems  in  the  future. 

3.4  Mobile-Satellite  Service 

This  service  is  providing  communication  between  mo¬ 
bile  terminals  via  a  fleet  of  satellites.  The  terminals  can 
be  onboard  vessels  or  transported  in  cars  or  lorries.  The 
latest  development,  and  probably  something  for  the  fu¬ 
ture,  is  the  MSS  application  with  handheld  terminals, 
similar  to  mobile  telephones.  There  are  several  bands 
allocated  to  MSS  at  frequencies  below  1  GHz.  In  addi¬ 
tion  there  are  bands  within  the  1.4  -  1.7  GHz  range 
which  are  close  to  important  RAS  bands  (hydrogen  and 
hydroxyl).  One  operator  (see  section  4)  chose  to  run 
both  the  uplinks  and  the  downlinks  in  a  band  close  to 
the  RAS  band  1610.6  -  1613.8  GHz.  Tliis  has  caused 
strong  interference  to  radio  astronomy  in  this  band  used 
for  observations  of  OH. 

3.5  Radionavigation-Satellite  Service 

So  far  there  are  two  operators  in  this  service  ;  GLON¬ 
ASS  and  GPS.  GLONASS  is  a  Russian  system  set  up 
during  the  1980ies  to  enable  accurate  navigation  for 
vessels  and  airplanes  based  on  delay  measurements  of 
signals  from  several  satellites  which  are  above  the  hori¬ 
zon  at  any  time  and  at  any  geographical  site.  GPS  is  a 
similar  American  system  established  by  the  US  Air 
Force  but  with  several  code  levels,  some  of  which  can 
be  used  by  civilian  equipment. 

Both  systems  operate  in  the  1.6  GHz  range.  When 
the  GLONASS  satellites  were  launched  some  of  them 
were  transmitting  right  inside  the  RAS  band  1610.6  - 
1613.8  GHz  (see  section  4).  There  are  no  known  inter¬ 
ferences  from  the  GPS  satellites  any  longer  after  an  ini¬ 
tial  desaster  with  the  first  satellites,  launched  at  the  end 
of  the  eighties. 

Both  the  European  Space  Agency  (ESA)  and  the 
National  Space  Development  Agency  of  Japan 
(NASDA)  are  planning  their  own  navigation  systems 
based  on  satellites.  The  European  system  will  be  called 
Galileo  and  one  of  the  bands  that  have  been  proposed  is 
close  to  the  RAS  band  4990  -  5000  MHz. 

4.  EXAMPLES  OF  SATELLITE  INTERFERENCE 
4.1  TEX 

In  1992  radio  astronomers  in  India  and  in  the  Nether¬ 
lands  detected  a  radio  signal  at  a  frequency  of  328.25 
MHz  which  is  in  a  band  which  is  shared  by  Fixed,  Mo¬ 
bile,  and  Radio  Astronomy  services.  Tlie  characteristics 
of  the  signal  led  to  the  conclusion  that  it  originated  from 
a  satellite.  The  Dutch  frequency  administration  filed  a 
complaint  with  ITU  who  brought  the  issue  to  the  atten¬ 
tion  of  the  American,  Chinese,  and  Russian  administra¬ 
tions.  After  a  long  and  persistent  investigation  by  the 
US  administration  and  by  the  spectrum  manager  of  the 
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1998  that  the  culprit  was  an  American  military  satellite 
by  the  name  of  TEX  which  was  out  of  function. 

TEX  was  launched  in  April  1990  and  taken  out  of 
service  in  June  199L  The  satellite  attitude  control  did 
not  function  properly  and  there  is  no  ‘off  button’  for 
security  reasons.  And  of  course  the  frequency  is  illegal. 
The  situation  is  now  that  Boeing  Company  -  the  corpo¬ 
ration  responsible  for  the  satellite  -  is  constantly  moni¬ 
toring  TEX  and  when  necessary  sending  'keep  quiet 
signals’  to  it. 

We  can  learn  two  things  from  this:  a)  administra¬ 
tions  should  be  extra  alert  on  the  frequency  selection 
and  coordination  process  for  space  stations;  b)  every 
satellite  transmitter  should  have  an  ‘off  button’. 

4.2  Astra  D 

This  is  a  geostationary  satellite  for  TV  broadcasting  for 
Germany  and  neighbouring  countries.  The  operator  is 
Societe  Europ^erme  des  Satellites  in  Luxemburg  and  it 
has  a  license  for  broadcasting  in  a  band  above  the  radio 
astronomy  band  10.6  -  10,7  GHz.  Due  to  a  malfunction 
of  the  transmitter,  however,  Astra  D  causes  severe  inter¬ 
ference  in  the  radio  astronomy  band.  Therefore,  no  ob¬ 
servations  are  possible  in  this  band  in  Europe.  Again, 
this  case  teaches  us  that  a  much  stricter  mechanism  has 
to  be  found  for  the  licensing  of  satellite  services. 

4.3  GLONASS 

In  1984  it  was  discovered  that  many  of  the  GLONASS 
satellites  transmitted  in  or  close  to  the  radio  astronomy 
band  at  1610.6  -  1613.8  MHz.  This  band  is  mainly 
used  for  studies  of  a  spectral  line  from  the  hydroxyl 
radical  (OH)  at  1612.321  MHz.  The  radio  astronomy 
service  was  upgraded  to  primary  status  in  1992  and 
shortly  afterwards  negotiations  started  between  the  In¬ 
terunion  Commission  on  the  Allocation  of  Frequencies 
to  radio  astronomy  and  space  research  (lUCAF)  and  the 
GLONASS  administration  [2].  This  lead  to  a  step-by- 
step  plan  to  clear  the  radio  astronomy  band  from  inter¬ 
ference  from  GLONASS.  This  agreement  served  as  a 
model  for  similar  agreements  between  the  frequency 
administration  of  the  Russian  Federation  and  those  of 
other  countries  having  radio  observatories  using  the 
band.  According  to  these  agreements  the  transmitters  of 
all  the  GLONASS  satellites  should  be  outside  the  pro¬ 
tected  band  and  filters  be  installed  before  the  end  of 
2005.  This  is  to  be  accomplished  by  replacement  of 
satellites  as  the  old  ones  cease  to  operate.  So  far  the 
timetable  seems  to  be  followed. 

4.4  Iridium 

The  WARC  1992  allocated  the  band  1610.0  -  1626.5 
MHz  to  the  uplinks  of  the  MSS  on  a  primary  basis  and 
the  same  band  to  the  MSS  downlinks  on  a  secondary 
basis.  However,  the  following  footnote  was  added  to 
the  Radio  Regulations:  ''Harmful  interference  shall  not 
be  caused  to  stations  of  the  radio  astronomy  service 


using  the  band  1610,6- 1613.8  MHz  by  stations  of  the... 

. . .  mobile-satellite  services  ”, 

Several  of  the  MSS  operators  are  using  the  band 
1610.0  -  1626,5  MHz  for  their  uplinks.  One  operator, 
the  Motorola-lead  international  consortium  Iridium 
LLC,  however,  chose  to  use  the  same  band  for  their 
downlinks  as  well.  Iridium  got  an  American  license  in 
the  band  1621.35  -  1626.5  MHz  and  soon  started  nego¬ 
tiations  with  other  administrations  for  licenses  in  this 
band. 

In  the  course  of  time  it  became  clear  that  Motorola 
did  not  implement  measures  in  the  Iridium  system  to 
protect  any  other  radio  service,  including  the  radio  as¬ 
tronomy  service,  in  their  ovm  band  or  in  adjacent  bands. 
The  main  source  of  interference  in  adjacent  bands  is  the 
wide-spread  intermodulation  products  caused  by  simul¬ 
taneous  transmission  at  several  frequencies  using  the 
same  transmitter.  For  radio  astronomy  Motorola  Inc. 
did  suggest  some  operational  solutions,  but  these  would 
affect  radio  astronomy  only  and  have  no  impact  on  the 
operation  of  the  Iridium  system. 

In  1994  the  US  National  Radio  Astronomy  Obser¬ 
vatory  agreed  to  restrict  observations  of  the  OH  line  to  4 
hours  during  the  night  when  the  Iridium  traffic  is  low. 
A  similar  agreement  was  signed  with  the  National  Ast¬ 
ronomy  and  Ionospheric  Center  at  Arecibo  in  Puerto 
Rico  stating  that  during  about  8  hours  per  day  the  Iri¬ 
dium  interference  would  be  below  the  ITU  recommen¬ 
ded  level  for  harmfiil  interference  [-238  dB  (W/m^/Hz)]. 

In  Europe  Iridium  has  met  strong  resistance  from 
radio  astronomers.  The  1612-MHz  band  is  used  much 
more  in  Europe  than  elsewhere  in  the  world  and  Euro¬ 
pean  radio  astronomy  is  well  organized  under  the  Euro¬ 
pean  Science  Foundation  (ESF)  Committee  on  Radio 
Astronomy  Frequencies  (CRAF).  CRAF  brought  its 
concern  to  the  attention  of  the  ‘Conference  des  Admini¬ 
strations  Europeennes  des  Postes  et  des  Telecommuni¬ 
cations’  (CEPT)  who  ordered  CRAF  and  Iridium  to  ne¬ 
gotiate  about  compromise  conditions  valid  during  a 
limited  period.  After  very  difficult  negotiations  an 
agreement  was  reached  which  is  valid  for  the  time  1 
May  1999  to  1  January  2006. 

According  to  this  agreement,  four  major  radio  ob¬ 
servatories  in  western  Europe  are  protected  from  inter¬ 
ference  during  7  hours  per  day  and  during  2  weekends 
per  month  aroimd  the  clock.  Other  European  observato¬ 
ries  can  get  the  same  amount  of  protection  after  notifi¬ 
cation  of  need  (collectively).  After  the  1  January  2006 
the  Iridium  system  shall  not  cause  any  harmful  interfer¬ 
ence  to  radio  astronomy. 

This  agreement  is  the  most  favorable  one  of  all 
agreements  signed  between  Iridium  LLC  and  radio  as¬ 
tronomy  organizations.  Still  it  should  be  pointed  out 
that  the  Iridium  case  is  a  an  example  of  an  inferior 
method  of  solving  an  interference  problem.  The  victim 
should  not  have  to  share  a  frequency  band  with  the  pol¬ 
lution  from  the  perpetrator! 
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5.  CHALLENGES  IN  THE  FUTURE 

5. 1  Cloud  profiling  radar 

A  Cloud  Profiling  Radar  is  one  of  the  instruments  inves¬ 
tigated  within  the  ESA  for  its  Earth  Observations  Pre¬ 
paratory  Program  (EOPP).  It  will  record  the  water 
droplet  size  as  a  function  of  altitude  through  the  clouds. 
This  is  of  great  importance  for  predictions  of  and 
warnings  against  liail  storms  and  similar  meteorological 
phenometia  but  also  for  longterm  modelling  of  global 
wanning. 

This  satellite-borne  radar  will  operate  in  the  band 
94.0  -  94.1  GHz  which  is  in  the  astronomically  impor¬ 
tant  3-mm  ‘atmospheric  window’.  In  this  band  and  in 
the  higher-frequency  mm-wave  bands,  radio  astrono¬ 
mers  study  many  spectral  lines  from  various  molecules 
in  interstellar  space. 

CRAF  informed  ESA  about  the  potential  problem 
of  interference  to  the  very  sensitive  radio  astronomy 
mixer  receivers  used  in  tliis  frequency  range.  The  mixer 
element,  Superconductor-Insulator-Superconductor 
(SIS),  is  inherently  very  broadband  and  open  for  inter¬ 
ference  from  signals  far  away  in  frequency^  from  the 
frequency  of  the  spectral  line  under  study.  In  the  case 
of  a  mainlobe-to-mainlobe  line-up  between  the  mm- 
wave  telescope  and  the  radar  telescope  an  SIS  mixer 
could  even  be  destroyed. 

ESA  contracted  the  Italian  branch  of  the  Swiss 
company  Oerlikon-Contraves  to  investigate  tlie  problem 
and  to  suggest  solutions.  The  best  solution  turned  out  to 
be  the  installation  of  band-stop  filters  in  front  of  the 
mm-wave  mixers  of  radio  telescopes  covering  the  100- 
MHz  band  of  the  radar  signal.  Prototypes  of  filters  of 
various  design  were  manifactured  and  tested  and  the 
most  promising  design  was  a  ring-loaded  circular 
waveguide  filter.  It  is  extremely  difficult  to  make  these 
filters  due  to  the  very  small  mechanical  tolerances.  But 
in  any  case  the  first  step  has  been  taken  in  the  develop¬ 
ment  of  high-Q,  low-loss  filters  for  mm-wave  applica¬ 
tions. 

5.2  Sky  stations 

This  is  another  planned  system  but  it  will  not  be  based 
on  satellites.  Instead  it  will  consist  of  geostationary 
platforms  located  in  the  stratosphere  at  an  altitude  be¬ 
tween  20  and  30  km.  Therefore  the  system  also  is  called 
High  Altitude  Platform  System  (HAPS).  Each  platform 
will  be  a  giant  helium-filled  ‘blimp’  with  solar  panel 
arrays  for  its  entire  energy  need,  including  the  energy 
for  its  engines  that  will  keep  it  close  to  its  nominal  geo¬ 
graphical  position.  The  stations  will  be  hovering  over 
populated  areas  and  there  will  be  at  least  250  of  them. 
The  platforms  will  be  the  backbone  in  a  global  Internet 
system  with  variable  broadband  data  rates  at  a  nominal 


rate  of  1.5  Mbps  to  portable  tenninals  and  up  to  155 
Mbps  to  fixed  terminus. 

Sky  Stations  will  use  the  band  47.2  -  47.5  GHz  for 
its  downlinks  and  the  band  47.9  -  48.2  GHz  for  its  up¬ 
links.  The  potentially  threatened  radio  astronomy  bands 
are  42.5  -  43.5  and  48.94  -  49.04  GHz. 

5.3  Teledcsic 

This  is  a  subsidiary  of  Microsoft  Inc.  and  its  purpose  is 
to  provide  broad-band  communication  service  via  288 
satellites  in  non-geostationary  orbits  and  a  large  number 
of  fixed  earth  stations.  The  system  therefore  is  part  of 
the  FSS.  Teledesic  has  requested  two  uplink  bands  at 
17.8  -  18.6  GHz  and  18.8  -  19.3  GHz  and  two 
downlink  bands  at  27.6  -  28.4  GHz  and  28.6  -  29.1 
GHz.  The  radio  astronomy  bands  that  could  become 
affected  by  the  downlink  signals,  if  insufficient  precau¬ 
tions  are  taken,  are  23.6  -  24.0  GHz  and  31.3  -  31.8 
GHz. 

6.  CONCLUSIONS 

Passive  scientific  radio  services  are  very  vulnerable  to 
radio  interference  due  to  their  extreme  sensitivity.  Sat¬ 
ellite-borne  sources  of  interference  are  especially  harm¬ 
ful  since  there  is  no  place  on  Earth  where  a  scientific 
radio  station  could  ‘hide  away’  from  such  interference. 
For  radio  astronomy  and  for  aeronomy  such  sources  of 
interference  arc  harmful  also  because  they  are  situated 
in  the  sky  where  radio  telescopes  are  pointed  during 
measurements. 

International  regulation,  licensing  procedures  and 
equipment  approvement  for  satellite  systems  have  to  be 
improved  in  order  to  avoid  mistakes  afid  malfunctions. 
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INTRODUCTION 

The  problem  of  electro-magnetic  compatibility 
(EMC)  of  radio-electronic  equipment  on  board  of  ships, 
submarines  and  aircraft  has  gained  nowadays  a  great  im¬ 
portance. 

When  a  ship  is  out  at  sea  almost  all  radio-electronic 
equipment  (REE)  functions  at  one  and  the  same  time  and 
that  forms  a  complicated  electromagnetic  situation.  We 
have  a  great  number  of  REE,  auxiliary  installations  and 
generators  working  in  a  comparatively  small  area. 

The  impact  of  this  electro-magnetic  situation  on 
REE  comes  through  the  low-fi*equency  electromagnetic 
field  on  the  ship,  the  transient  process  in  the  networks, 
the  high  frequency  electromagnetic  field  as  well  as 
through  the  electromagnetic  effects  in  the  atmosphere. 
Placing  a  great  number  of  radio  engineering  installations 
in  a  comparatively  small  area  is  characterized  by  the  in¬ 
crease  of  active  interference  and  the  arising  of  the  prob¬ 
lem  of  their  electro-magnetic  compatibility. 

1.  PROVISION  OF  EMC  ON  BOARD  THE 
SHIPS  OF  BULGARIAN  NAVY 

We  assume  that  the  creating  of  a  complex  elec- 
tro-magnetical  condition  on  a  board  of  ship  can  bring  the 
following  hazards: 

-destruction  of  electronic  hardware 

-communication  breakdown 

-threat  of  human  life  (crew  of  the  ships). 

The  electronic  hardware  can  be  physically  dam¬ 
aged  in  case  of  high-powered  interference  fields.  Com¬ 
munications  breakdown  happens  most  frequently  when 
the  parameter  of  signal-to-noise  ratio  is  affected.  The 


peak  level  depends  on  the  kind  of  modulation  and  cod¬ 
ing. 

The  biggest  typical  military  electro-magnetic 
threats  on  ships  are  considered  to  be  the  1000  Watt  HF- 
transmitters  and  the  radars.  The  Bulgarian  Navy  has  re¬ 
quired  specific  installation  measures  on  their  latest  ships 
to  attenuate  outer  deck  EM-fields  generated  by  these 
sources.  In  inner  deck  areas  the  field  strength  was  re¬ 
duced  to  below  1  V/m  in  the  frequency  band  from  2  to  30 
MHz.  Also  field  strengths  caused  by  radar  were  reduced 
to  below  1  V/m  in  below  deck  areas. 

We  assume  that  this  process  is  particularly  applicable 
now  when  on  board  the  naval  ships  of  Partners  there  will 
be  installed  new  additional  appliances  of  communication 
that  are  compatible  with  NATO’s  installations. 

Obviously  that  will  make  the  radio  electronic 
environment  of  the  ships  more  difficult  and  new  deci¬ 
sions  will  have  to  be  found,  one  of  which  is  the  decon¬ 
struction  of  a  part  of  the  old  equipment  with  the  aerial 
systems. 

To  solve  these  problems  of  providing 
EMC,  the  following  four  tasks  should  be  fulfilled  in  se¬ 
quence: 

1.  Investigation  of  the  electromagnetic  envi¬ 
ronment  in  which  radio-electronic  equip¬ 
ment  functions. 

2.  Estimation  of  the  electro-magnetic  com¬ 
patibility, 

3.  Development  of  new  methods  and  devices 
providing  EMC  on  the  ships. 

4.  Harmonization  of  naval  and  civil  E3  stan¬ 
dards. 

To  discuss  all  the  problems  concerning  the  pro¬ 
vision  of  EMC  is  practically  impossible,  therefore  I  will 
concentrate  on  the  harmonization  of  naval  and  civil  E3 
standards. 
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IL  HARMONIZATION  OF  NAVAL  AND 
CIVIL  E3  STANDARDS 

The  National  Board  of  the  health  service  and 
safety  is  a  central  organ  that  works  upon  the  matters 
of  the  working  time  and  environment  in  Bulgaria. 

In  the  Ministry  of  Defense  the  following  or¬ 
gans  are  created  to  be  responsible  for  providing  EMC 
and  harmonization  of  the  standards. 

There  is  an  organized  agency  within  the 
Ministry  of  Defense  called  “  Military  insurance  ex¬ 
pedition  and  codification”  and  a  department  for  “ 
Military  Standardization 

Their  task  is  to  insure  all  kinds  of  Standards 
both  civil  and  military. 

The  central  laboratory  for  measurement  in¬ 
struments  is  authorized  to  be  responsible  for  the  con¬ 
trol  connected  with  the  establishment  of  the  require¬ 
ments  of  the  working  environment.  It  establishes 
inspection  procedures  and  their  mechanisms. 

The  laboratory  performs  measurements  not 
only  of  the  civil  working  environment,  but  also  on  the 
military  units  and  equipment.  In  the  course  of  that 
activity  the  laboratory  makes  proposals  for  the  work¬ 
ing  up  of  new  methods  of  control  and  measurement, 
their  technical  forming,  etc. 

There  is  a  Central  Military  Inspection  con¬ 
structed  within  the  Military  of  Defense.  Its  task  is  to 
perform  radio  activity  investigations  of  the  electro¬ 
magnetic  environment  and  the  emissions  from  the 
military  equipment. 

The  basic  Bulgarian  specification  document 
by  which  measurements  are  made  aboard  Bulgarian 
Navy  ships  is  the  Bulgarian  National  standard  BNS  - 
14  525  -  90  and  BNS-17137-91 . 

The  determination  of  the  intensity  of  the 
electric  compound  (E)  and  magnetic  constitutive  (H) 
of  the  equipment  is  done  in  compliance  with  the  Bul¬ 
garian  State  Standard-14525-90.  Electromagnetic 
fields  frequency  acceptable  values  requirements  for 
the  control  of  the  frequency  range  from  60  KHz  to 
300  MHz. 

The  determination  of  the  density  of  the  ener¬ 
getic  current  is  done  in  compliance  with  the  require¬ 
ment  of  the  Bulgarian  State  Standard  17137-91  for 
the  frequency  range  300  MHz  to  300  GHz. 


FREQUENCY  RANGE 

LIMIT  VALUE 

1 

30  -  300  KHz 

25  V/m 

2 

0.3  -  3  MHz 

15  V/m 

3 

3  -  30  MHz 

10  V/m 

4 

30  -  300  MHz 

3  v/m 

5 

0.06  -  1.5  MHz 

5  V/m 

6 

30  -  50  MHz 

0.3  A /m 

7 

0.3  -  300  MHz  contin. 

O.lmkW  /  cm2 

8 

0.3  -  300  MHz  up  to  8 
h 

10mkW/cm2 

9 

0.3  -  300  MHz  up  to  2 
h 

<  100  mkW  / 
cm2 

1 

0 

0.3  -  300  MHz  up  to 
20min 

<lmkW/cm2 

Tab.  No  1  Admissible  limits  of  the  strength  and  density 
of  the  energy  flux  of  EMC  in  populated  areas. 

The  admissible  limits  are  pointed  out  in  table  No 
1 .  In  the  frequency  range  between  30  KHz  and  300  MHz 
the  electric  component  in  V/m  and  the  magnetic  field  in 
A/m  are  measured,  while  above  300  MHz  the  energy  flux 
density  is  measured  in  W  /  m-2  or  mkrW  /  sm-2  . 

For  populated  areas  the  rate  is  more  restrictive 
and  must  not  exceed  admissible  limits  of  10  mkW/cm2. 

We  do  not  have  any  military  standards  for  EMC. 
For  basis  we  use  that  are  shown  above  following  two 
civil  standards. 

When  we  ordered  from  the  equipment  makers 
creating  a  new  military  equipment,  in  the  beginning  we 
specified  military  requirements,  which  are  more  complex 
than  the  civil  standards. 

The  basic  regulating  document  is  “Design  and 
incorporating  of  a  goods  with  military  designation”  in 
which  are  requirements  for  the  equipment  makers,  stage 
of  control  and  methods  for  testing  the  new  equipment. 

To  achieve  these  goals  it  is  necessary  the  per¬ 
forming  of  the  following  formalized  tasks: 

-The  comparison  of  the  fundamental  civil  and 
military  E3  standards. 
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-The  comparison  of  the  common  military 
limits  and  the  determination  of  the  degree  to  which 
they  can  be  common. 

Comparison  the  military  and  civil  environ¬ 
ment. 

The  military  environment  distinguishes  itself  from  a 
commercial  one  by  radar,  communication  antennas, 
EMP,  and  in  inner  deck  places  by  a  high  density  of 
equipment  in  a  commercial  environment  equipment  is 
placed  in  an  open  field  while  the  hull  off  a  frigate 
provides  a  screening  for  the  inner  deck  equipment 
against  the  rest  of  the  world.  This  screening  by  the 
hull  causes  several  areas  with  a  different  environment 
depending  on  the  quality  of  the  screening. 

Field  forces  under  IV/m  are  not  deemed  to 
be  dangerous.  Our  opinion  is  that  the  cargo  equip¬ 
ment  can  be  placed  in  the  below  deck  and  Internal 
space,  which  has  not  direct  connection  except  through 
cables  to  the  external  area.  In  this  case,  however,  we 
must  look  at  the  density  of  the  equipment. 

Most  frequently  forced  by  possible  cost  re¬ 
duction,  we  buy  civil  equipment.  Placed  in  the  mili¬ 
tary  electro-magnetic  situation,  even  in  the  inner  deck 
this  equipment  can  cause  damage.  Consequently  it  is 
necessary  to  remake  and  improve  this  equipment  us¬ 
ing  military  standards,  and  so  after  this  operation  the 
price  become  higher. 

These  low  field  strengths  in  specific  areas 
made  the  application  of  commercial  standards  feasi¬ 
ble.  Therefore,  a  profound  study  analysis  and  appli¬ 
cation  of  civil  standards  are  necessary  in  the  complex 
military  condition. 

In  the  last  years  commercial  standards  have  been  used 
often  on  board  the  Bulgarian  ships. 


Up  to  now  they  haven’t  caused  a  big  problem. 
The  problem  of  the  Bulgarian  Navy  is  the  lack  of  experi¬ 
ence  with  commercial  standards  in  the  military  environ¬ 
ment. 

Our  main  task  at  this  stage  is  to  adopt  all  NATO 
standardized  documents  applying  to  EMC  and  their  im¬ 
provement  and  application  in  the  Bulgarian  navy. 

CONCLUSION 

A  review  of  the  problem  shows  that  up  to  now 
there  isn’t  a  common  criterion  established  in  the  world  to 
estimate  the  impact  of  electro-magnetic  field  on  the  hu¬ 
man  organism  and  to  define  the  admissible  limits  of  the 
field  characteristics.  This  leads  to  substantial  differences 
between  specification  documents  of  different  countries. 

Numerous  publications  on  this  problem 
show  that  at  present  there  are  common  standards,  not 
only  civil  but  military  too,  that  refer  to  electro-magnetic 
radiation  and  to  the  norms  for  protection  of  human  life. 
Our  main  task  is  therefore  the  creation  of  common  nor¬ 
mative  document  and  harmonization  of  civil  and  military 
standards. 
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The  use  of  Commercial  off  the  Shelf  equipment  is 
widely  accepted,  even  in  a  military  electromagnetic 
environment.  Since  this  equipment  has  to  meet  the 
European  EMC-directive  89/3 3  6/ EC,  it  is  expected  that 
in  those  cases  where  equipment  needs  to  comply  to  the 
basic  EMC-requirements  a  considerable  amount  of 
money  will  be  saved. 

In  this  paper,  the  differences  between  the  military  EMI- 
standard  MIL-STD  461D/462D  together  with  the  civil 
EMI-requirements  are  compared  with  respect  to 
measurement  methods,  frequency  range  and  limits.  Also 
the  applicability  of  the  test  methods  will  be  taken  into 
account. 

In  the  second  place,  the  electromagnetic  environment 
existing  on  board  of  Navy  ships  has  been  determined  to 
evaluate  the  risk  of  using  the  COTS  equipment  in  this 
environment.  Within  these  established  EM- environments 
the  necessary  EMC-requirements  applied  to  the 
equipment  are  defined.  A  few  of  the  assumptions  made 
in  the  theoretical  approach  of  the  comparison  are 
verified  by  using  measurement  data  taken  from 
commercial  equipment. 

It  is  noted  that  in  case  the  necessary  requirements  could 
not  be  met  with  civil  EMC  standards,  it  is  examined 
whether  additional  installation  rules,  or  other 
additional  constraints,  would  lead  to  the  feasibility  of 
using  commercial  equipment  with  a  acceptable  risk  of 
EMI 

1.  INTRODUCTION 

In  the  Royal  Netherlands  Navy  a  project  is  running 
to  investigate  and  analyse  the  risk  of  installing 
commercial  equipment  in  a  military  electromagnetic 
environment.  Because  of  the  fact  that  in  general 
equipment  fulfilling  military  EMC  standards  are 
expensive  and  that  commercial  equipment  has  to  fulfil 
the  EMC  directive,  it  can  be  acceptable  to  install  this 
equipment  on  board.  However,  it  has  to  be  taken  into 


account  that  the  environment  of  a  naval  ship  is  very 
different  from  an  industrial  and  residential  environment. 
To  investigate  the  difference  and  to  prepare 
recommendations,  the  study  will  focus  on  a  comparison 
of  standards  and  environments. 

The  first  step  is  to  collect  commercial  standards,  relating 
to  electric  and  electronic  equipment  with  respect  to 
EMC  requirements.  Secondly  a  comparison  was  made 
with  the  MIL-STD-461D/462D  focusing  on  the 
frequency  band  of  interest,  the  measurement  methods, 
the  limits,  etc. 

To  analyse  the  risk  by  installing  commercial  equipment, 
the  electromagnetic  environment  is  determined  and  with 
respect  to  this  conclusions  can  be  made. 

The  main  conclusion  is  that  for  operational  and  tactical 
equipment  it  is  not  allowed  to  use  commercial 
equipment.  The  frequency  range  of  a  ships  EM- 
environment  does  not  correspond  to  the  measuring 
frequency  range  for  radiated  emissions  and  immunity 
methods  of  the  civil  standards.  It  can  be  recommended 
to  the  civil  organisations  at  least  to  extend  the  frequency 
range.  More  investigations  will  perfonn  to  the 
installations  rules  on  board  if  stricter  rules  can  partly 
solve  this  problem. 

Another  very  important  point  will  be  to  start 
discussions  on  the  harmonisation  of  measurement 
methods.  When  the  methods  are  harmonised  for  the  civil 
as  well  as  the  military  organisations,  the  limits  can  be 
different  depending  on  the  applicability,  electromagnetic 
environment,  etc,  of  the  equipment. 

2.  COMPARISON  OF  DIFFERENT  STANDARDS 

With  respect  to  the  commercial  standards,  different 
of  them  are  included  in  the  study: 

•  EN  50081 

•  EN  50082 

•  lEC  60533 

•  lEC  945 
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The  lEC  60533  is  an  interesting  standard,  applicable 
for  electromagnetic  compatibility  of  electrical  and 
electronic  installations  in  merchant  ships.  This  makes  a 
comparison  with  the  military  standards  more  in  line  of 
the  naval  ship’s  environment.  The  lEC  945  is  an 
interference  standard  for  navigation  equipment  installed 
in  a  ship’s  environment. 

The  other  European  EN  standards  are  both  generic 
standards  for  equipment  not  dealing  with  a  product 
standard  and  installed  in  an  industrial  environment.  EN 
50081  is  an  emission  standard,  EN  80082  an  immunity 
standard. 

Comparing  the  commercial  standards  with  the  MIL- 
STD-461D/462D,  it  can  easily  be  concluded  that  most 
of  the  tests  differ  too  much  for  a  theoretical  correct 
comparison.  However  since  there  is  a  need  for  a  well 
founded  standpoint  regarding  the  application  of 
commercial  standards,  so  one  must  make  use  of  the 
experience,  good  practice  and  even  experiments. 

In  general,  the  commercial  standards  differ  from  the 
military  standards  in  two  ways: 

1 .  Incomplete  frequency  range; 

2.  Tests  differently  executed  (where  frequencies 
are  involved). 

Below,  the  different  methods  and  limits  will  be 
compared  and  discussed. 

2.1.  Conducted  Emission 

Focusing  on  the  MIL-STD,  it  can  be  concluded  that 
compared  with  the  last  versions  (46 1C)  of  the  MIL- 
STD,  the  D  and  E  version  use  a  Line  Impedance 
Stabilisation  Network  (LISN)  instead  of  a  feedthrough 
capacitor. 

This  makes  the  comparison  with  the  commercial 
standards  more  easily,  because  the  civil  standards  also 
use  a  LISN.  Before  comparing  the  limit  lines,  some 
differences  are  to  be  noted: 

•  There  is  a  difference  between  the 
characteristics  (components,  frequency  range 
versus  impedance  response,  etc.)  between  the 
LISN’s, 

•  The  MIL-STD  measures  in  the  frequency  range 
from  30  Hz  to  10  kHz  the  current.  In  the 
frequency  range  from  10  kHz  to  10  MHz,  the 
voltage  will  be  measured, 

•  The  commercial  standards  measure  only  the 
voltage  between  150  kHz  to  30  MHz. 

With  these  differences  in  mind,  the  limit  lines  over  the 
conunon  frequency  range  can  be  compared.  This 
comparison  shows  that  the  lEC  60533  is  more  stringent 
than  the  other  standards.  See  graph  1  for  the  different 
limit  lines.  With  respect  to  the  lEC  limit  line  it  should  be 
noted  that  this  limit  is  for  equipment  installed  in  the 
bridge  and  deck  zone.  For  equipment  installed  in  the 
general  power  distribution  zone  the  limit  is  about  20  dB 
less  severe. 


Graph  1:  Comparison  of  conducted  emission  limits 


2.2,  Radiated  Emission 

In  the  harmonised  commercial  standards,  only  the 
electric  field  will  be  measured.  There  is  a  method  under 
consideration  for  the  magnetic  field  emission.  This  test 
method  is  compatible  with  the  MIL- STD-46 1/462. 

In  radiated  emission  tests  for  the  electric  field,  the 
measuring  distance  and  the  environment  are  not  similar. 
The  commercial  standards  require  an  open  site 
environment,  while  the  military  standard  requires  a 
shielded  room.  The  effect  of  the  cage  is  responsible  for 
a  deviation  to  open  site  measurements  results  of 
maximum  6  dB. 

However,  the  commercial  standards  are  more  open  for 
the  applicability  for  a  screened  room  instead  of  the  open 
area.  Measurements  in  an  open  area  are  difficult  to 
perform,  due  to  the  high  ambient.  To  avoid  reflections,  a 
compact  range  (fully  anachoic  chamber)  can  be  used. 
This  test  environment  makes  a  comparison  easier,  but 
special  attention  should  be  paid  to  for  performing 
radiated  measurements  in  screened  rooms.  The  results 
are  very  depending  on  the  amount  of  absorbing  material 
in  the  room.  Investigations  and  tests  showed  a  difference 
of  over  1 5  dB  in  different  cages.  When  the  cage  is  fully 
equipped  with  absorbing  material  with  the  proper 
specifications,  the  difference  will  increase  to  not  more 
than  3  dB. 

With  respect  to  the  measuring  distance,  in  the 
commercial  standards  the  distance  in  most  cases  is  30 
metres,  or  sometimes,  depending  on  the  standard,  10 
metres.  In  some  cases  a  measuring  distance  of  3  metres 
is  allowable. 

In  the  lEC  60533  however,  the  measuring  distance  is  3 
metres  in  all  cases.  Comparing  with  the  MIL-STD 
measuring  distance  of  1  metres,  the  distance  is  a 
problem  because  of  the  fact  that  the  antenna  is  placed  in 
the  near  field. 

In  the  commercial  standards  it  should  be  noted  that  the 
limit  can  be  corrected  linearly  as  a  function  of  the 
distance  from  30  metres  up  to  3  metres  (far  field 
correction).  For  a  measuring  distance  to  1  metres,  the 
transfer  function  is  frequency  dependent  due  to  near- 
and  far  field  corrections. 

In  the  study  this  correction  factor  is  calculated  by 
assuming  the  fact  that  the  field  of  the  equipment  under 
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test  is  characterised  as  a  field  generated  by  a  halve  wave 
dipole. 

It  is  also  important  to  note  that  the  frequency  range 
of  measuring  of  most  of  the  commercial  standards  is 
from  30  MHz  to  1  GHz,.  Only  in  the  lEC  60533,  the 
starting  frequency  is  150  kHz.  This  will  be  a  very 
important  change. 

Comparing  the  different  limits  over  the  common 
frequency  range,  taken  into  account  the  differences  in 
measuring  distances,  it  shows  that  the  MIL-STD  is  more 
stringent  than  the  commercial  standards.  For  the 
comparison  of  the  limits,  see  graph  2. 

It  should  also  be  noted  that  the  frequency  range  of 
the  MIL-STD  is  from  10  kHz  up  to  18  GHz. 


Graph  2:  Comparison  of  radiated  emission  limits 


2.3.  Conducted  susceptibility 

The  methods  of  military  and  commercial  standards 
are  not  really  comparable  because  of  the  method  of 
injection  and  differences  in  injection  signals. 

An  experiment  was  to  relate  the  methods  by  the  data 
resulted  from  the  product  investigation.  An  equipment 
under  test  shall  tested  conform  both  methods.  During 
both  tests  the  stress  factor  is  raised  until  the  equipment 
under  test  fails.  Comparing  the  stress  factors  should  give 
infonnation  about  the  relation  between  the  commercial 
and  military  standards. 

2.4.  Radiated  Susceptibility 

The  radiated  susceptibility  test  with  respect  to  the 
electric  field,  refers  to  a  field  measured  at  the  location  of 
the  equipment  under  test.  This  causes  no  significant 
difference  with  the  MIL-STD  test. 

An  important  difference  will  be  the  covered  frequency 
range  of  both  standards.  In  the  MIL-STD  the  test  has  to 
be  performed  over  a  very  wide  frequency  range  from  10 
kHz  up  to  40  GHz.  In  the  commercial  standards  this  will 
be  from  30  MHz  to  I  GHz  (80  MHz  to  2  GHz  in  the 
lEC  60533). 

It  can  be  seen  that  the  frequency  range  from  2  MHz  to 
30  MHz  is  not  covered  in  the  commercial  standards. 

Focusing  on  the  limits  of  the  different  standards,  it 
can  be  noted  that  equipment  fulfilling  the  MIL-STD  has 


to  withstand  200  V/m  over  the  complete  frequency 
range  for  outerdeck  purposes.  For  other  purposes 
different  values  are  applicable  depending  on  the 
environment  (below  deck  of  a  metal  hull,  non-metallic 
ship,  etc.)  and  can  be  increased  to  10  V/m.  This  is  the 
same  value  as  the  commercial  standard  for  industrial 
environment. 

In  the  MIL-STD  application,  the  test  signal  is  un¬ 
modulated  in  the  frequency  range  below  1  GHz, 

Due  to  the  modulation  of  80  %  with  a  1  kHz  signal  the 
commercial  test  may  be  considered  more  severe  than  the 
MIL-STD  for  below  deck  equipment. 

In  this  study  special  attention  is  paid  to  the  frequency 
range  below  30  MHz  and  above  1  GHz. 


See  table  1  for  an  overview  of  the  comparison. 


MIL-STD-461D 

EN  50082-2 

lEC  60533 

Freq.  Range 

10  kHz -40  GHz 

80  MHz  - 1  GHz 

80  MHz  -  2  GHz 

Measuring 

Method 

monitor  the  field 

during  the  test  at 

location  of  EUT 

define  a  certain  area  of  homogenious 

field  within  6  dB  on  the  place  where  the 

EUT  will  be  located 

Limit 

up  to  200  V/m 

10  V/m 

up  to  10  V/m 

Modulation 

<  1  GHz:  CW 

>  1  GHz:  pulse  1  kHz 

Amplitude  modulation  (AM)  with  1  kHz 

and  modulation  depth  80  % 

Table  1:  Radiated  Immunity  comparison 


3.  DEFINITION  OF  THE  ELECTROMAGNETIC 
ENVIRONMENT 

The  military  environment  differentiates  itself  from  a 
commercial  by  radar  transmissions,  communications  in  a 
wide  frequency  range,  electromagnetic  pulse  (EMP), 
and  in  innerdeck  situations  by  a  highly  density  of 
equipment.  In  a  commercial  environment  equipment  is 
placed  in  an  open  field  while  the  hull  of  a  frigate 
provides  a  screening  for  the  innerdeck  equipment 
against  the  outside  world. 

This  screening  by  the  hull  will  create  several  areas  with 
a  different  EM-environment,  depending  of  the  quality  of 
the  screening. 

The  electromagnetic  environment  on  board  of  the  Royal 
Netherlands  Navy  ships  (due  to  the  outside  threat),  is 
highly  dependent  of  the  policy  of  the  RNLN  to  built 
their  own  ships.  The  policy  during  the  design  of  a  ship  is 
that  the  fieldstrength  inside  the  ship  has  to  be  as  low  as 
possible.  To  create  an  environment  as  “nice”  as 
possible,  installation  rules  are  to  be  used.  These  rules 
are  laid  down  in  a  Defence  document  KN  12330.  This 
document  is  developed  by  the  RNLN,  based  on 
theoretical  measures  and  investigations  to  very  practical 
guidelines. 

Some  of  these  are  for  example: 

•  Use  of  screened  cable  all  over  the  ship, 

•  Outerdeck  cables  as  few  as  possible  and  as 
short  as  possible. 
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Use  of  special  cable  glands  to  connect  the  cable 
screening  over  360  degrees  to  the  hull  of  the 
ship,  the  cabinets  or  equipment. 

Cable  separation  of  the  different  cable 
categories. 

Design  electronic  compartments  with  special 
installation  rules. 


These  measures  result  in  an  EM-environment  due  to 
outside  threats  as  radar,  communications  and  EMP, 
which  can  be  described  as  follows  in  the  next  table  2. 


EM-environment  | 

Source 

Frequency 

Outerdeck 

Innerdeck 

whole 

Above 

Below 

ship 

maindeck 

maindeck 

MF/HF  comm. 

0,5- 30  MHz 

200  V/m 

1  V/m 

1  V/m 

VHF/UHFcomm. 

30  -  400  MHz 

20  V/m 

<0.1  V/m 

<0,1  V/m 

Search  radar 

1-10  GHz 

2500  V/m 

20  V/m 

3  V/m 

Track  radar 

5-35  GHz 

2500  V/m 

- 

- 

EMP 

<1  GHz 

50  kV/m 

500  V/m 

50  V/m 

Table  2:  Electromagnetic  environment  of  a  metal  ship 


A  fieldstrength  below  1  V/m  is  considered  as  no  threat. 
Regarding  the  above  table,  it  seems  that  commercial 
equipment  can  be  placed  in  below-  and  innerdeck  areas, 
which  have  no  direct  link  (by  cable)  to  outerdeck  areas. 
However,  in  these  situations  it  should  still  be  considered 
if  the  density  of  equipment  in  which  the  equipment  has 
to  work  without  EMI-problems. 

As  already  noted,  the  typical  military  EM- 
environment  is  caused  by  emissions  from  noisy 
innerdeck  equipment  as  static  inverters  at  one  hand  and 
radar-  and  communication  transmitters  outside  on  the 
other  hand. 

In  most  below  deck  areas  the  effect  of  the  outside 
transmitters  is  negligible  due  to  the  installation  rules. 
The  concentration  of  equipment  inside  the  ships  hull  is 
therefore  considered  a  much  greater  danger. 

4.  RISK  EVALUATION 

Over  the  last  five  years  commercial  standards  have 
been  used  incidentally  on  board  RNLN  ships.  Up  to  now 
they  have  not  given  a  big  problem,  but  is  has  to  be  taken 
into  account  that  this  was  only  valid  for  ships  which  are 
not  acting  as  a  real  warship  (frigate) ,  such  as  a  LPD  or 
Oil  Replenisher. 

For  frigates,  the  MIL-STD  is  still  in  the  specification  of 
all  the  equipment  to  be  installed  on  board.  In  special 
cases,  it  is  allowed  to  deliver  equipment  which  fulfil  the 
commercial  standard,  but  some  additional  tests  has  to  be 
performed  to  make  sure  that  no  problems  will  raise 
when  installing  these. 


During  a  part  of  the  study,  manufacturers  were 
invited  to  have  a  CE-marked  product  tested  conform  the 
commercial  standard  as  well  as  conform  the  military 
standard.  About  over  hundred  manufacturers  were 
invited  of  which  twenty  five  responded.  Most  of  them 
are  active  in  the  control-  and  monitoring-  and  in  the 
static  inverter  industry.  All  manufacturers  have  contacts 
with  the  RNLN  and  should  have  been  aware  of  EMC- 
requirements  on  board  of  the  Navy  ships. 

As  a  result  is  can  be  noted  that  in  some  cases,  in  the 
frequency  range  below  30  MHz  radiated  problems  (due 
to  both  emission  as  immunity)  were  found. 

This  underlined  the  importance  of  having  radiated  limits 
for  emissions  as  well  as  susceptibility  tests  in  the  HF- 
range  from  1  MHz  to  30  MHz. 

So,  the  product  investigations  showed  that  most  of  the 
emitted  energy  is  below  30  MHz  and  this  is  not  covered 
in  the  commercial  standards  except  the  lEC  60533. 

That  is  one  part  of  the  hardening,  the  other  part  is  of 
course  the  susceptibility  to  electric  fields,  which  is  not 
implemented  in  the  commercial  standards. 

A  risk  is  taken  when  relying  fully  on  the  CE-marking 
of  a  product.  The  product  investigation  showed  that  not 
all  equipment  complies  to  the  required  standards.  This  is 
assumed  to  be  a  short  term  effect.  To  minimise  the  risk 
it  is  advisable  to  add  EMC-tests  to  the  factory 
acceptance  tests. 

5.  CONCLUSIONS  AND  RECOMMENDATIONS 

From  a  technical  point  of  view,  it  can  be  concluded 
that  the  commercial  standards  do  not  cover  the  military 
environment  as  the  MIL-STD  will  do.  The  IEC-60533  is 
the  most  comparable  standard  which  can  be  used,  but 
with  respect  to  the  radiated  immunity,  also  the  lEC  does 
not  cover  the  military  environment  over  the  whole 
frequency  range,  so  still  problems  can  be  expect. 

As  a  commercial  conclusion,  it  can  be  noted  that  the 
use  of  commercial  EMC-standards  as  a  way  to  save 
money,  influences  the  safety  margin  by  an  unknown 
factor.  This  causes  an  undefined  environment  and  just 
saves  a  considerable  amount  of  money  for  large  quantity 
of  goods,  bought  from  the  shelf.  Unfortunately  there  is 
no  way  to  know  if  these  savings  are  in  balance  with 
possible  costs  to  solve  EMI-incidents  for  ships  beyond 
the  period  of  guarantee. 

Saving  costs  and  having  a  defined  environment  can  be 
established  by  specifying  engineering  requirements  and 
having  the  tests  done  by  the  Navy  itself. 

Regarding  the  applicability  of  commercial  standards 
the  following  can  be  stated  at  this  moment: 

•  Due  to  the  threat  of  radar-,  HF-communications 
and  electromagnetic  pulse,  commercial  limits 
are  insufficient  in  outerdeck  areas.  This  means 
indirectly  that  systems  complying  to 
commercial  limits,  should  not  be  located  in 
outerdeck  areas  or  have  a  direct  (cable)link 
with  the  outerdeck  area. 
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•  In  above  deck  areas  innerdeck,  like  the  mast, 
commercial  equipment  should  at  least  be  able 
to  withstand  radar  signals.  A  test  or  extra 
specifications  should  safeguard  this, 

•  In  most  innerdeck  areas,  commercial  seems  to 
be  complying,  however  since  there  is  an 
undefined  safety  margin,  it  makes  sense  to 
avoid  high  densities  of  equipment  or  take  extra 
installation  measxires. 

•  Since  there  is  no  commercial  test  available  that 
relates  to  the  threat  of  EMP,  great  care  should 
be  exercised  with  commercial  equipment  on 
ships  that  are  designed  to  withstand  an  EMP  of 
50  kV/m. 

•  Equipment  installed  in  innerdeck  areas  and  not 
involved  with  the  operational  and  tactical 
activities  of  the  ship,  can  be  accepted  as 
commercial  equipment  as  far  as  susceptible  is 
concerned.  All  equipment  with  has  to  operate 
under  all  circumstances  of  the  ships  operations 
and  which  is  not  allowed  to  fail,  has  to  meet  the 
MIL-STD. 

For  current  projects  as  well  as  for  future  projects  it  is 
very  important  to  specify  the  EMI/EMC-requirements  in 
an  early  phase.  It  is  recommended  to  specify  only  the 
MIL-STD-461D/462D  or  MIL-STD  461E. 

When  a  manufacturer  offers  commercial  equipment, 
additional  tests  have  to  be  performed  to  check  if  the 
desired  standards  are  sufficient,  taken  into  account  the 
place  of  installing  and  the  electromagnetic  environment 
over  there. 

Very  important  at  this  additional  test  is  the  frequency 
range  of  interest.  Special  care  should  be  taken  of  the 
frequency  range  of  1  MHz  to  30  MHz. 

To  minimise  the  risk  it  is  therefore  advisable  to  add 
these  EMC-tests  to  the  factory  acceptance  tests. 


6.  HARMONISATION  OF  METHODS 

A  last  point,  and  in  the  opinion  of  the  defence 
organisation  a  very  important  point,  is  the  discussion  on 
the  harmonisation  of  at  least  measuring  methods. 

The  study  has  shown  that  the  difference  in  test  methods 
of  commercial  and  military  standards  are  that  big,  that 


comparing  is  rather  impossible.  It  will  be  a  big  step  in 
the  good  direction  if  at  least  the  measuring  methods  of 
the  military  and  the  commercial  standards  are  the  same. 

It  is  well  loiown  that  some  defence  organisations  started 
a  discussion  on  this  item,  but  it  looks  that  it  will  be  a 
very  long  way  to  go. 

The  methods  can  be  the  same  over  the  total  frequency 
range  of  threat  for  the  commercial  world  as  well  as  the 
military  world. 

With  respect  to  the  limitation,  different  limits  can  be 
proposed  for  the  different  environments. 

It  is  expected  that  equipment  installed  in  an  industrial 
environment  in  a  ground  facility  without  transmitters  in 
the  neighbourhood,  has  to  fulfil  other  limits  and  to  meet 
other  EM-requirements,  than  equipment  installed  in  a 
navy  environment  with  a  lot  of  radar-  and 
communication  transmitters  on  board  the  same  platform. 

As  a  starting  point  for  further  discussion,  find  below 
a  proposal  for  the  measurement  methods  to  be 
performed  as  a  minimum.  The  methods  cover  the  whole 
frequency  range  of  the  total  EM-environment  for  all 
applicability’s. 

•  Conducted  Emissions:  30  Hz  to  10  kHz 

•  Conducted  Emissions:  10  kHz  to  30  MHz 

•  Conducted  Immunity:  30  Hz  to  10  kHz 

•  Conducted  Immunity:  10  kHz  to  30  MHz 

•  Radiated  Emissions:  30  Hz  to  10  kHz 

•  Radiated  Emissions:  10  kHz  to  10  GHz 

•  Radiated  Immunity:  30  Hz  to  10  kHz 

•  Radiated  Immunity:  10  kHz  to  10  GHz 

Further  discussions  can  be  focused  on  the  method  itself, 
for  example  what  LISN  shall  be  used,  measuring  voltage 
or  current,  magnetic  field  and  electric  field,  frequency 
range,  measuring  distances,  etc. 

Before  starting  discussions  on  the  limits,  the  methods 
has  to  be  agreed  by  all  bodies,  civil  as  well  as  military. 
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This  paper  provides  an  overview  of  some  of  the  work 
conducted  by  the  United  Kingdom  (UK)  concerning 
harmonisation  of  Civil  and  Military  Electromagnetic 
Compatibility  (EMC)  Standards  for  the  naval 
environment  This  paper  considers  the  main  standards 
that  are  applicable  to  both  the  civil  and  military 
environments.  It  addresses  some  of  the  main  difficulties 
in  comparing  these  standards  and  identifies  areas  where 
commonality  can  be  found.  This  is  of  particular 
relevance  due  to  the  increasing  use  of  "Commercial  Off 
The  Sheir  (COTS)  equipment  in  modem  military 
systems.  This  paper  also  provides  an  overview  of  the 
United  Kingdom's  new  approach  to  the  selection  of 
suitable  standards  for  defence  procurement 

1.  INTRODUCTION 

Since  the  Introduction  of  the  EMC  Directive 
(89/336/EEC),  considerable  effort  has  concentrated  on 
the  harmonisation  of  civilian  EMC  standards  from 
different  European  nations.  This  has  resulted  In  the  Euro 
Norm  (EN)  and  European  Telecommunications 
Standards  Institute  (ETSI)  series  of  EMC  standards 
published  in  the  Official  Journal  of  the  European 
Community,  which  have  become  a  set  of  internationally 
recognised  standards  used  for  free  trade  purposes 
inside  the  Europe  Union  (EU). 

To  date  comparatively  little  effort  has  been  given  to 
the  problems  associated  with  harmonising  civil  and 
military  standards.  It  has  always  been  understood  that 
the  military  Electromagnetic  (EM)  environment  is  more 
severe  than  the  commercial  environment.  Accordingly, 
equipment  procured  for  use  in  the  military  environment 
needed  to  meet  an  acceptable  recognised  standard, 
typically  the  national  military  EMC  standard. 

1 .1  Problems  and  use  of  COTS 

However,  over  the  last  eight  years  there  has  been  a 
significant  decline  in  many  national  defence  budgets  and 
a  need  to  rethink  how  equipment  is  procured.  One  of  the 
easiest  solutions  is  to  procure  “Commercial  Off  The 
Shelf  (COTS)  equipment. 

Consequently,  COTS  equipment  has  allowed  the 
armed  services  to  obtain  modern  state-of-the-art 
technology,  faster  and  cheaper  than  before.  However, 
the  problem  with  most  COTS  equipment  is  that  it  has 
been  built  to  commercial  standards  and  assessments 
are  required  to  ensure  that  the  equipment  will  work  In  the 
harsher  military  environment  This  is  particularly  true  for 


the  EM  environment,  where  there  are  strict  controls  on 
the  amount  of  EM  emissions.  And  equipment  is  required 
to  have  a  high  level  of  immunity  over  a  wide  frequency 
range.  Therefore,  a  good  understanding  of  the  EM 
environment  into  which  the  COTS  equipment  is  to  be 
placed  is  essential. 

1.2  Naval  EM  environment 

The  naval  electromagnetic  environment  experienced 
by  equipment  mounted  on  a  naval  platform  is  extremely 
harsh.  Equipment  must  operate  efficiently  in  close 
proximity  to  many  high  power  emitters,  for  example 
radios,  radars  and  degaussing  systems,  generating  very 
high  field  strengths  over  a  wide  frequency  range. 
Consideration  must  also  be  given  to  the  EM  environment 
generated  by  escorting  platforms,  including  other  naval 
warships,  auxiliaries,  helicopters  and  aircraft. 

In  the  UK,  the  naval  EM  environment  is  categorised 
into  two  specific  areas  for  equipment  EMC  testing, 
known  as  Above  Decks  and  Below  Decks  which  are 
defined  as  follows: 

•  'Above  deck’  limits  apply  to  equipments  fitted  or 
used  outside  the  metallic  structure  of  surface  ships. 
This  includes  equipments  fitted  in  non-metallic  ship 
structures  or  within  a  metallic  Bridge  or  Hangar  (with 
the  exception  of  equipment  located  in  screened 
compartments  on  non-metalllc  vessels).  It  shall  also 
apply  to  equipment  fitted  between  the  pressure  hull 
and  outer  case  of  submarines  [1]. 

•  'Below  deck’  limits  apply  to  equipments  fitted  in 
submarines  or  within  the  metallic  structure  of 
surface  ships  (but  not  within  the  Bridge  or  Hanger 
space)  [1]. 

The  Above  Deck  environment  is  the  harsher  EM 
Environment.  Above  Decks’  equipment  must  have  a  high 
level  of  immunity  and  produce  very  low  levels  of 
unintentional  emissions.  The  Below  Decks  environment 
has  a  much  more  controlled  EM  environment  due  to  the 
screening  nature  of  the  metallic  hull  and  its 
superstructure.  In  some  respects,  the  Below  Decks 
environment  is  more  like  the  industrial/commercial 
environments  but  with  more  restrictions  over  EM 
emissions  and  immunity.  Broad  definitions  of  these 
environments  can  be  found  in  a  variety  of  documents 
produced  by  both  the  UK  Ministry  of  Defence  and  NATO 
(North  Atlantic  Treaty  Organisation),  for  example  UK 
Interim  Defence  Standard  (Def  Stan)  08-46  and  NATO 
Standardization  Agreement  (STANAG)  4435. 
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2.  BENEFITS  OF  USING  STANDARDS 

In  any  new  equipment,  materiel  or  service 
procurement  the  intelligent  use  of  standards  offers 
significant  benefits  and  helps  to  make  the  acquisition 
process  more  effective.  Some  of  the  most  important 
benefits  of  using  standards  are  that  they 

•  Set  performance  requirements  that  promote 
innovation. 

•  Define  unambiguous  technical  and  performance 
requirements,  which  can  be  used  in  contracts  and 
specifications. 

•  Provide  recognised  benchmarks  against  which 
products,  processes  and  services  can  be  measured. 

•  Promote  improvements  in  the  quality  of  products, 
processes  and  services, 

•  Promote  improvement  In  the  health,  safety,  and  the 
environment. 

In  addition  to  the  above  general  benefits, 
standardisation  in  the  UK  MOD  also  promotes 
operational  effectiveness  through  improved 
interoperability  and  supportability  of  defence  equipment. 

These  benefits  can  only  be  achieved  through  the 
selection  of  the  most  appropriate  standards  [2], 
Guidance  on  the  correct  choice  of  standards  is 
important,  as  is  the  understanding  of  the  implications  of 
choosing  one  standard  over  another.  This  becomes  very 
important  when  considering  the  procurement  of  COTS 
equipment  for  use  In  a  military  environment.  Thus,  there 
is  a  need  to  look  more  closely  at  the  harmonisation  of 
civil  and  military  standards  and  the  likely  impact  of 
choosing  one  over  the  other.  In  order  to  achieve  this,  it  is 
Important  to  understand  each  of  the  relevant  standards 
and  the  differences  between  them. 

3.  CURRENT  UK  MILITARY  EMC  STANDARDS 

The  UK  naval  military  EMC  standard  work  of 
reference  has  been  developed  over  a  large  number  of 
years  and  has  seen  many  changes.  The  changes  were 
introduced  to  address  problems  found  with  the  original 
standards.  Such  changes  have  included  identification  of 
limits  levels  set  too  low,  changes  in  the  EM  environment 
as  more  equipment  has  been  added  to  ships  and 
practical  experience  with  naval  equipment  installations. 
Over  the  last  forty  years,  Directorate  General  Ships  (DG 
Ships)  250B,  Naval  EMC  B  Specification  B768,  and 
Naval  Weapon  Specification  (NWS)  3,  have  been  the 
main  naval  EMC  specifications.  However,  these 
standards  have  now  replaced  by  the  current  military 
standard  Def  Stan  59-41  (Parts  1  to  7)  [1]. 

Def  Stan  59-41  is  an  UK  Tri-Service  Defence 
Standard;  it  contains  the  limits  and  measurement 
methodologies  for  performing  military  equipment/system 
EMC  testing  and  verification.  This  standard  was 
originally  started  in  1971  and  has  been  in  use  and  under 
revision  ever  since.  It  has  seen  the  incorporation  of 
many  aspects  over  the  years  including  the  main  parts  of 
the  previous  naval  standards  above.  Currently,  the  main 
documentation  of  the  standard  is  at  Issue  six.  It  defines 
limits  for  both  the  Above  and  Below  Decks  environments 
and  contains  numerous  tests  to  cover  all  aspects  of 
Naval  equipment  EMC  and  performance. 


4.  RELEVANT  EUROPEAN  EMC  STANDARDS 

Currently  there  is  no  single  EMC  Euro  Norm  that 
covers  all  the  requirements  for  equipment  to  be  Installed 
both  Above  and  Below  Decks,  as  In  Def  Stan  59-41.  The 
Marine  Equipment  Directive  (96/98/EC),  defines  a  range 
of  electrical  and  electronic  equipment  that  is  to  be 
installed  in  a  maritime  platform,  e.g.  boat,  dinghy  or 
warship.  This  Directive  has  its  own  specific  EMC  section, 
which  overrides  the  EMC  Directive  and  mandates  its 
own  EMC  standards  for  all  covered  equipment.  The 
EMC  Directive  and  its  applicable  standards  cover 
equipment  not  covered  by  the  Marine  Directive.  An 
important  aspect  Is  the  need  to  effectively  consider  the 
“Above”  and  “Below”  decks  environments.  Therefore, 
any  consideration  of  equipment  needs  to  be  split  into 
that  covered  by  the  Marine  Directive  EMC  standards  and 
covered  by  other  EMC  standards. 

4.1  Marine  EMC  standards 

The  following  is  a  short  list  of  the  most  applicable  EN 
and  British  Standards  that  might  be  chosen  to  allow 
EMC  testing  of  equipment  that  is  to  be  used  in  a 
maritime  environment. 


•  BS  EN  60945:1997  -  Marine  Navigational 
Equipment  -  genera!  equipment  Methods  of  testing 
and  required  test  results 

•  BS  1597:1985  -  Specification  for  limits  and  methods 
of  measurement  of  electromagnetic  interference 
generated  by  marine  equipment  and  installations. 

•  BS  5260:1975  -  Code  of  practice  for  radio 
interference  suppression  on  manne  installations. 

•  BS  7027:1990  -  Limits  and  methods  of 

measurement  of  immunity  of  marine  electrical  and 
electronic  equipment  to  conducted  and  radiated 
electromagnetic  interference. 

It  should  be  noted  that  currently  only  one  maritime 
EMC  standard,  EN  60945,  Is  published  as  part  of  the 
harmonised  standards  list,  and  several  British  Standards 
had  to  be  used  to  complement  the  list.  These  standards 
do  not  cover  the  entire  tests  that  may  be  required  to 
complete  Installation  in  a  naval  platform,  but  cover  the 
major  requirements.  Several  of  these  standards 
specifically  define  limits  for  “Above”  and  “Below”  decks 
equipment. 

Note:  Effectively  BS  EN  60945  replaces  the  older 
British  Standards  and  any  future  equipment  will  only  be 
tested  to  this  standard,  unless  the  manufacturers  decide 
otherwise.  Whilst  BS  EN  60945  contains  many  of  the 
requirements  from  the  British  Standards  there  are  areas 
where  it  does  not  effectively  replace  them,  for  example 
changes  in  limit  levels  and  frequency  ranges. 

4.2  Other  EMC  standards. 

The  EMC  Directive  will  cover  any  other  equipment 
that  may  be  installed  in  a  naval  platform,  if  not  already 
covered  by  the  Marine  Equipment  or  other  specialist 
Directive.  This  means  that  the  European  Harmonised 
EMC  standards  must  be  used  for  all  other  electronic  and 
electrical  equipment.  A  short  list  of  applicable  standards 
that  might  be  considered  is  produced  below. 
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•  BSEN  50065-1:1992 

•  prEN  50065-2:1992 

•  BS  EN  50081-1:1992 

•  BSEN  50081-2:1994 

•  BSEN  50082-1:1998 

•  BS  EN  50082-2: 1995 

•  BSEN  50130-4:1996 

•  BSEN  55015:1997 

•  BSEN  55020:1997 

•  BSEN  55022:1995, 

•  BSEN  60721-1:1996 

This  list  is  not  exhaustive,  but  some  of  the  main 
standards  that  are  applicabie  have  been  identified.  As 
indicated  above  nearly  ail  the  harmonised  product 
specific  EMC  standards  can  apply. 

5.  COMPARING  CIVIL  AND  MILITARY  STANDARDS 

In  the  UK  a  number  of  studies  have  been  conducted 
to  compare  the  Def  Stan  59-41  [1]  with  the  European 
commercial  standards.  These  studies  were  conducted  to 
consider  the  potential  for  harmonisation  between  these 
standards  and,  more  Importantly,  to  assist  the  project 
acquisition  staff  to  choose  the  most  appropriate 
standards.  Ail  these  studies  have  been  reliant  upon  a 
good  understanding  of  the  naval  EM  environments  and 
of  the  relevant  standards  themselves. 

Most  of  the  studies  have  been  comparisons  between 
the  Def  Stan  [1]  and  one  or  two  specific  commercial 
standards.  However,  the  largest  study  has  considered  all 
the  commercial  standards  identified  above  [3]. 

During  these  studies  areas  of  commonality  have 
been  established,  but  were  outweighed  by  the  number  of 
comparison  problems  encountered.  Areas  of 
commonality  were  found,  they  tended  to  be  over  limited 
parts  of  the  frequency  range  required  by  the  Def  Stan 
[1].  The  marine  immunity  standards  showed  the  closest 
commonality,  with  several  areas  of  overlap  in  frequency 
ranges  and  limit  levels,  but  the  overall  range  did  not 
satisfy  the  military  environment  requirements.  Other 
Immunity  standards  also  showed  some  commonality  but 
were  more  limited  than  the  marine  standards.  There  was 
limited  commonality  between  the  commercial  emissions 
standards  and  those  requirements  In  the  Def  Stan  [1]. 

6.  COMPARISON  PROBLEMS 

Problems  found  during  the  studies  varied  in  their 
significance  and  are  explained  below. 

6.1  Frequency  Ranges 

One  of  the  most  prominent  factors  in  trying  to 
compare  the  standards  is  the  difference  in  the  frequency 
ranges.  Whilst  there  were  large  portions  of  the 
measurement  ranges  where  both  were  in  agreement, 
there  were  also  distinct  areas  where  the  civil  standards 
did  not  cover  frequencies  required  In  the  Def  Stan. 

Many  of  the  ENs  did  not  have  any  coverage  above 
1000  MHz,  and  those  that  did  only  covered  the  odd 
frequency,  whilst  the  military  requires  coverage  up  to 
18  GHz.  There  were  also  significant  gaps  in  the 
coverage  requirements  at  the  lower  end  of  the  frequency 
range. 


6.2  Measurement  Detector  Types 

Detector  types  are  anottier  major  area  of  difference. 
The  Def  Stan  uses  a  PEAK  detector  to  perform  its 
measurements.  This  allows  the  effect  of  both  continuous 
and  pulsed  interference  to  be  fully  assessed.  However, 
the  Euro  Norms  use  either  a  QUASI-PEAK  or  AVERAGE 
measurement  detector,  depending  upon  the  test 
undertaken. 

The  Quasi-Peak  is  an  integration  detector  and  has  a 
known  charge  and  discharge  time,  which  affects  Its 
measurement  capability.  This  means  that  short  pulse- 
width  interference  with  low  repetition  rates,  are  not 
detected  as  easily  as  is  possible  with  a  peak  detector. 
As  the  repetition  rate  goes  up  so  does  the  quasi-peak 
detectors  measurements.  The  Average  detector  is  even 
less  sensitive  to  short  interference  pulses.  Both  Quasi- 
Peak  and  Average  detectors  are  very  dependent  upon 
measurement  dwell  time  to  produce  accurate  results. 

It  must  be  remembered  that  the  military  EMC 
scenario  is  concerned  with  interference  from  all  sources, 
including  false  switching  effects,  transients,  etc.  The  civil 
EMC  scenario  has  been  concerned  about  the  affect  to 
audio  broadcast  systems  where  occasional  fast  transient 
signals  do  not  have  a  significant  effect.  Both  Quasi-Peak 
and  Average  detectors  are  ideally  suited  to  measuring 
interference  in  audio  broadcast  systems  as  they  are  not 
sensitive  to  these  occasional  transients. 

6.3  Distances  For  Measuring  Emissions 

When  considering  radiated  emissions  from 
equipment,  there  is  a  notable  difference  between  the  Def 
Stan  and  the  ENs.  The  Def  Stan  conducts  ail 
measurements  at  1m,  whilst  the  ENs  can  allow 
measurements  to  be  taken  at  3  metres,  10m  and  30m. 
This  makes  any  comparison  very  difficult  due  to  field 
effects  and  is  very  dependent  upon  the  antennas  used 
for  testing. 

6.4  Probe  Types  and  Antenna  Types 

Both  standard  types  identify  many  different  tests  and 
the  methods  of  conducting  them.  A  large  number  of  the 
tests,  whilst  trying  to  identify  similar  effects  use  very 
different  test  apparatus  to  measure  the  required  effect. 
This  results  In  different  probes  and  antennas  being  used 
to  measure  the  interference  and  leads  to  different 
results,  due  to  the  impact  of  the  measurement  system  on 
the  result. 

6.5  Different  Measurement  Units 

With  the  differences  in  measurement  methodologies 
there  is  also  a  variation  in  the  units  used  to  set  levels 
and  to  make  measurements.  Although,  It  is  generally 
possible  to  compare  these,  in  the  more  extreme  cases  it 
can  be  very  difficult.  One  such  example  is  magnetic 
emissions,  where  the  Def  Stan  uses  dBpT,  whilst  the 
commercial  standards  use  dBpA,  dBpV/m  and  dBpV. 

6.6  Different  Acceptance  Levels 

Another  major  difference  Is  between  the  limits 
chosen  for  acceptance  of  equipment.  The  Def  Stan 
identifies  two  limits  depending  upon  whether  the 
equipment  is  Above  Decks  or  Below  Decks.  The  majority 
of  commercial  standards  also  Identify  different  levels,  but 
these  are  dependent  upon  the  equipment  use  and  Class. 
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These  levels  are  difficult  to  compare  easily;  for 
example,  commercial  standards  sometimes  recommend 
a  higher  immunity  level  but  over  a  limited  frequency 
range. 

7.  OTHER  HARMONISATION  ISSUES 

In  addition  to  limit  level  and  measurement 
methodology  problems,  the  comparison  studies  have 
also  identified  a  number  of  other  issues.  These  issues 
do  need  to  be  considered  as  part  of  the  overall 
harmonisation  effort.  The  two  main  issues  are  discussed 
below. 

7.1  Presentation  of  Results 

At  the  moment  there  is  no  standard  format  for 
presenting  test  results,  making  it  difficult  to  compare 
results  of  the  same  standard  from  different  test  houses. 
When  trying  to  compare  across  different  standards  the 
task  Is  even  more  complicated. 

7.2  “Need  To  Test”? 

The  second  issue  is  one  of  concern  for  the  non- 
diligent  procurer.  The  issue  is  to  do  with  the  European 
Legislation  and  the  wording  of  the  EMC  Directive. 
Directive  Article  10.1,  “The  standards  compliance  route”, 
states  that  equipment  Is  presumed  to  comply  when  the 
manufacturer  has  applied  the  appropriate  standards. 
However,  “apply”  can  be  interpreted  with  enormous 
flexibility  and  raises  an  important  question:  Is  it  possible 
to  “apply"  a  test  standard  to  a  product  without  actually 
testing  It?  [4]. 

Although  the  Directive  requires  every  item  to  be 
compliant,  It  Is  impossible  to  do  so  economically  and  the 
best  manufacturers  only  test  limited  samples.  Thus,  they 
are  “applying”  the  results  of  their  tests  to  products,  which 
have  not  been  tested.  Therefore,  “apply  a  standard" 
does  not  necessarily  mean  “test  to  a  standard”  and 
effectively  any  manufacturer  makes  a  legal  statement 
that  the  product  would  pass,  were  it  to  be  tested  to  the 
standards  “applied”.  This  cannot  be  guaranteed  and 
comes  down  to  achieving  sufficient  confidence  in  the 
EMC  performance  of  the  commercial  products.  The 
difference  between  having  a  technical  rationale  for  such 
confidence  and  just  hoping  for  the  best  comes  under  the 
terms  of  “due  diligence".  Like  many  other  business 
decisions  there  will  always  be  a  commercial  cost  versus 
risk  decision  to  consider,  when  deciding  what  quantity 
and  quality  of  EMC  testing  is  necessary.  Once  it  is 
recognised  that  testing,  per  se,  is  not  mandatory,  there 
are  a  number  of  options,  each  having  different  levels  of 
risk  and  cost  [4]. 

8.  CURRENT  PROCUREMENT  METHODOLOGY 

The  following  is  a  brief  summary  of  the  procurement 
methodology  that  has  been  in  use  recently.  Whilst  there 
is  a  significant  drive  to  use  COTS  technology  wherever 
possible,  it  is  recognised  that  there  is  still  a  need  to 
ensure  that  performance  is  not  compromised.  There 
have  been  a  number  of  minor  EMC  instances  from 
COTS  equipment  procured  to  commercial  standards. 


Consequentially,  there  is  still  a  need  to  look  at  having 
COTS  equipment  tested  to  Def  Stan  59*41,  if  there  is 
any  doubt  about  suitability  of  the  procured  equipment. 
The  following  guidance  has  been  provided  to  the 
defence  procurer  when  considering  standards: 

•  'The  Project  Manager  shall  instruct  the  Design 
Authority  to  take  into  account  the  EMC 
characteristics  of  all  proprietary  equipment  being 
procured  by  MOD,  to  ensure  that  it  complies  with 
the  terms  of  the  relevant  National  Standard.  Where 
EMC  requirements  for  equipment  differ  from  those 
of  the  National  Standard,  then  Defence  Standard 
59-41  shall  be  invoked  and  the  appropriate  test 
methods  and  limits  identified  in  order  to  ensure 
acceptable  equipment  performance  in  its  intended 
environment"  [1]- 

9.  NEW  APPROACH  TO  USE  OF  STANDARDS  IN 
PROCUREMENT 

The  above  situation  has  been  under  review  for  some 
time.  Over  the  last  couple  of  years  there  have  been 
several  major  changes  to  the  structure  and  methodology 
of  defence  procurement  in  the  UK  Ministry  of  Defence 
(MOD).  The  main  change  has  been  the  introduction  of 
“Smart  Procurement”,  which  dramatically  alters  the 
defence  procurement  process.  As  a  result  of  this  and  the 
review  process,  the  UK  Defence  Standards  (DStan)  has 
implemented  a  set  of  changes  to  guide  the  selection  of 
standards.  These  changes  have  a  direct  impact  on  the 
possibility  of  harmonisation  between  civil  and  military 
standards,  as  they  identify  a  hierarchy  of  choice  of 
standards  for  use  In  contracts.  The  following  is  a  short 
overview  of  the  recently  introduced  DStan  changes  [2]. 

It  is  UK  government  policy  to  encourage  the  use  of 
standards  that  are  applicable  to  world  markets  and  to 
use  internationally  recognised  standards  wherever 
possible.  This  is  to  reduce  barriers  to  trade.  Also  the  UK 
is  obliged  under  the  EU  directive  for  the  Co-ordinating  of 
Procedures  for  the  Award  of  Public  Supply  Contracts  to 
give  preference  to  national  standards  which  implement 
European  Standards. 

UK  MOD  policy  is  in  support  of  these  requirements 
and  civil  standards  are  to  be  used  wherever 
appropriate  In  preference  to  international  military 
standards  such  as  NATO  STANAGs  and  UK  Defence 
Standards.  The  order  of  preference  for  the  selection  of 
standards  for  defence  acquisition  is  shown  In  Table  1. 
This  order  of  preference  Is  to  be  applied,  where 
practicable,  in  all  defence  contracts  and  sub  contracts. 

The  effect  of  these  changes  is  to  promote  the  use  of 
civil  standards,  particularly  Euro  Norms,  over  military 
standards,  where  possible.  Therefore,  military  standards 
will  need  to  be  carefully  considered  as  to  why  they  are 
being  implemented  and  further  harmonisation  work  may 
be  required  to  support  the  decision  making  process. 
DStan  have  issued  this  new  approach  through  a  variety 
of  publications  and  over  the  Internet,  via  their  web-site; 
http:\\www.dtsan. mod.uk  [2,  5]. 
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Hierarchy 

Type  of  Document 

1 

Regional  (British  Standards  Implementing 
European  standards) 

European  Committee  for  Standardization  (CEN) 
European  Committee  for  Electrotechnical 
Standardization  (CENELEC) 

European  Telecommunications  Standards 
Institute  (ETSI) 

2 

International  (British  Standards  Implementing 
international  standards) 

International  Organization  for  Standardization 
(ISO) 

Internationa!  Electrotechnical  Commission  (lEC) 
International  Telecommunication  Union  (ITU) 

3 

National  (Other  British  Standards) 

-  British  Standards  Institution  (BSI) 

4 

International  Military  Standards  (NATO  /  ABCA) 
NATO  Standardization  Agreements  (STANAGs) 
Allied  Publications  (AP) 

ABCA  Quadripartite  Standardization 

Agreements  (QSTAGs) 

5 

UK  MOD  Defence  Standards  (Def  Stans) 

6 

UK  MOD  Departmental  Standards  and 
Specifications  e.g.  Naval  Engineering 
Standards  (NES) 

7 

Other  nation's  military  standards 
e.g.  DoD  Mil  Specs  and  Standards 

8 

Recognised  Industry/  Partnership/Consortium 
Standards 

e.g.  PANAVIA,  AIRBUS,  etc,  Trade  Association 
standards  (e.g.  American  Society  for  Testing 
and  Materials  (ASTM)), 

Table  (1)  -  The  order  preference  for  the  selection  of 
standards  for  MOD  procurement. 


•  It  is  difficult  to  compare  between  the  tests  and  limit 
levels  of  the  UK  Def  Stan  and  those  of  the  Identified 
civil  EMC  standards. 

•  Areas  of  commonality  do  exist  but  are  limited  at 
present. 

•  There  is  still  a  need  to  conduct  further  harmonisation 
work  to  help  the  defence  procurer  to  make  the  right 
choice  of  standards  depending  upon  an  appreciation 
of  the  environment  that  the  equipment  is  to  be  used 
in, 

•  There  is  now  a  definitive  hierarchy  for  choosing 
standards  for  contracts. 
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1.  INTRODUCTION. 

As  more  the  military  uses  equipment  built  to 
commercial  standards,  the  need  becomes  greater  to 
compare  military  and  civilian  requirements.  The 
development  of  guidance  to  both  the  civilian  and  mili¬ 
tary  E^  communities  for  the  utilization  and  application 
of  available  civilian  standards  is  important.  The  process 
of  comparing  military  standards  to  civilian  standards  in 
order  to  harmonize  requirements  is  underway. 

2.  SCOPE. 

The  efforts  towards  E^  standard  harmonization 
are  centered  on  the  DOD/Industry  E^  Standards  Com¬ 
mittee  (DIESC).  The  DIESC  is  made  up  of  representa¬ 
tives  from  DoD  and  Industry.  The  DIESC  was  estab¬ 
lished  in  1994.  The  goal  of  the  DIESC  is  to  foster  co¬ 
operation  between  DoD  and  Industry  for  harmonization 
of  military  and  commercial  electromagnetic  compatibil¬ 
ity  standards.  The  primary  effort  of  this  committee  has 
been  directed  at  comparing  the  military's  MIL-STD- 
46 ID  and  M1L-STD-462D  to  major  national  and  inter¬ 
national  commercial  E^  requirements.  These  commer¬ 
cial  standards  were  developed  by  the  Federal  Commu¬ 
nication  Commission  (FCC),  the  Radio  Technical 
Commission  for  Aeronautics  (RTCA)  DO-160D,  the 
American  National  Standards  Institute  (ANSI),  the  In¬ 
ternational  Electronical  Commission  (lEC),  the  Interna¬ 
tional  Special  Committee  on  Radio  Interference 
(CISPR)  and  the  Institute  of  Electrical  and  Electronics 
Engineers  (IEEE)  standards.  Since  the  start  of  this  effort 
in  1994,  MIL-STD-461D  and  MIL-STD-462D  have 
been  incorporated  in  a  the  new  MIL-STD-461E,  dated 
20  August  1999. 


3.  THE  GUIDE. 

A  guide  has  been  drafted  documenting  the  re¬ 
sults  on  the  comparisons  between  the  military’s  MIL- 
STD-461D  and  MIL-STD-462D  and  the  commercial 
standards  along  with  some  ideas  as  how  to  use  the  in¬ 
formation.  The  specific  commercial  standards  that  the 
military  standards  were  compared  with  are: 

(a) .  FCC,  Part  15,  RF  Devices. 

(b) .  FCC,  Part  18,  Industrial,  Scientific  and  Medical 
Equipment. 

(c) .  DO-160D,  Environmental  Conditions  and  Test  Pro¬ 
cedures  for  Airborne  Equipment. 

(d) .  ANSI  C63.4,  Radio  noise  emissions  from  low- 
voltage  electrical  and  electronic  equipment  in  the  range 
of  10  kHz  to  1  GHz  -  methods  of  measurement 

(e) .  lEC  61000-3-2,  Limits  -  Section  2,  Limits  for  har¬ 
monic  currents  emissions  (equipment  input  current  < 
16A  per  phase). 

(f) ,  lEC  61000-3-8,  Limits  -  Section  8,  Signaling  on  low 
voltage  electrical  installations  -  emission  levels  fre¬ 
quency  bands  and  electromagnetic  disturbance  levels. 

(g) .  lEC  61000-4-3,  Testing  and  Measurement  Tech¬ 
niques  -  Section  3,  Radiated,  radio  frequency,  EM  field 
immunity  test. 

(h) .  lEC  61000-4-4,  Testing  and  Measurement  Tech¬ 
niques  -  Section  4,  Electrical  Fast  Transient^urst  im¬ 
munity  test. 

(i) .  lEC  61000-4-6,  Testing  and  Measurement  Tech¬ 
niques  -  Section  6,  Immunity  to  conducted  disturbances 
induced  by  radio-frequency  fields. 

(j) .  lEC  61000-4-8,  Testing  and  Measurement  Tech¬ 
niques  -  Section  8,  Power  frequency  magnetic  field  im¬ 
munity  test  Basic  EMC  Publication. 
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(k) .  lEC  61000-4-9,  Testing  and  Measurement  Tech¬ 
niques  -  Section  9,  Pulse  magnetic  field  immunity  test 
Basic  EMC  Publication. 

(l) .  lEC  61000-4-10,  Testing  and  Measurement  Tech¬ 
niques  -  Section  10,  Damped  oscillatory  magnetic  field 
immunity  test  Basic  EMC  Publication. 

(m) .  lEC  61000-4-13,  (in  preparation)  Testing  and 

Measurement  Techniques  -  Section  13,  Tests  for  immu¬ 
nity  to  voltage  fluctuations,  unbalance,  variation  in 
power  frequency 

(n) .  lEC  61000-4-16,  (in  preparation)  Testing  and 

Measurement  Techniques  -  Section  16,  Conducted  dis¬ 
turbances  in  the  frequency  range  DC  to  150  kHz  immu¬ 
nity, 

(o) .  lEC  61000-4-20,  (in  preparation)  Testing  and 

Measurement  Techniques  -  Section  20,  Immunity  and 
Emission  Testing  in  TEM  Cells. 

(p) .  lEC  61000-4-25,  (in  preparation)  Testing  and 

Measurement  Techniques  -  Section  25,  HEMP  Equip¬ 
ment  and  systems. 

(q) .  lEC  61533,  EMC  of  electrical  and  electronic  in¬ 
stallations  in  ships  and  of  mobile  and  fixed  offshore 
units. 

(r) .  CISPR  11,  Limits  and  methods  of  measurement  of 
electromagnetic  disturbance  characteristics  of  industrial, 
scientific  and  medical  radio-frequency  equipment. 

(s) .  CISPR-13,  Limits  and  methods  of  measurement  of 
radio  interference  characteristics  of  sound  and  televi¬ 
sions  broadcast  receivers  and  associated  equipment. 

(t) .  CISPR  14,  Requirements  for  household  appliances, 
electric  tools  and  similar  apparatus. 

(u) .  CISPR  15,  Limits  and  methods  of  measurement  of 
radio  interference  characteristics  of  fluorescent  lamps 
and  luminaries. 

(v) .CISPR  16,  Specification  for  radio  disturbance  and 
immunity  measuring  apparatus  and  methods. 

(w) .  CISPR  22,  Limits  and  methods  of  measurement  of 
radio  interference  characteristics  of  information  tech¬ 
nology  equipment. 

(x) .  IEEE  Std.  187,  Open  field  method  of  measurement 
of  spurious  radiation  from  FM  and  TV  broadcast  receiv¬ 
ers. 

(y) .  IEEE  Std.  1140,  (in  preparation)  Standard  Proce¬ 
dures  for  the  Measurement  of  Electric  and  Magnetic 
Fields  from  Video  Display  Terminals  (VDTs). 

A  large  portion  of  the  guide  is  devoted  to  pro¬ 
viding  guidance  on  determining  the  risk  of  using  a  par¬ 
ticular  commercial  standard  for  a  specific  military  ap¬ 
plication.  The  guide  emphasizes  that  the  overall 
evaluation  process  is  complicated  by  a  large  number  of 
factors  that  must  be  considered.  Included  in  the  guide 
are  equipment  factors  that  need  to  be  considered  in 
evaluating  the  risk  of  using  commercial  equipment  for 
military  applications.  Some  of  these  factors  are: 

a.  System  performance  requirements. 


b.  Impact  on  mission  and  safety. 

c.  Operational  electromagnetic  environment. 

d.  Platform  installation  characteristics. 

e.  Equipment  EMI  characteristics. 

This  complicated  evaluation  process  will  most  likely 
require  personnel  who  have  specialized  knowledge  in 
EMI  requirements  and  testing  and  who  have  the  skills 
necessary  to  apply  the  guide  to  the  circumstances  of 
specific  procurements.  To  aid  in  the  initial  evaluation 
process  the  guide  provides  a  flow  chart  for  the  procure¬ 
ment  of  EMC  for  systems  and  equipment  and  a  risk 
evaluation  matrix. 

The  guide  also  provides  a  list  of  relevant  mili¬ 
tary  and  commercial  standards  and  an  annotated  classi¬ 
fication  of  these  standards.  The  guide  is  intended  to  as¬ 
sist  personnel  in  evaluating  equipment  qualified  to 
commercial  Electromagnetic  Interfeence  /  Electromag¬ 
netic  Compatibility  (EMI/EMC)  standards  for  use  in 
military  application.  This  guide  is  expected  to  be  re¬ 
leased  as  an  engineering  study  latter  this  year. 

4.  DIFFERENCES  BETWEEN  COMMERCIAL  AND 
MILITARY  STANDARDS. 

While  performing  the  comparisons,  two  dis¬ 
tinctive  differences  between  the  military  and  commer¬ 
cial  standards  became  apparent. 

The  first  deals  with  a  system's  requirements, 
which  are  driven  by  its  intended  environment.  As  an 
example,  there  is  a  high  concentration  of  electronic 
emitters  and  receivers  on  military  platforms,  especially 
ships.  For  this  reason,  the  military's  "radiation  emission 
limits"  are  much  more  severe  than  the  corresponding 
civilian  limits.  Mainly,  the  military  places  more  strin¬ 
gent  spectral  immunity  requirements  on  devices  ex¬ 
posed  to  nearby  international  emitters  over  a  wider  fre¬ 
quency  range  than  the  commercial  standards. 

The  second  deals  with  the  fact  that  both  the 
military  and  the  commercial  developers  have  docu¬ 
mented  successful  test  methods  and  philosophies.  Some 
which  are  significantly  different,  but  achieve  the  same 
result,  the  environment  not-with-standing.  As  an  exam¬ 
ple,  in  the  area  of  "grounding  of  the  test  sample": 
Equipment  mounted  on  military  vessels  is  usually 
mounted  on  grounded  conductive  material  or  on  ground 
planes  for  testing.  Most  commercial  equipment,  being 
lightweight  and  portable,  is  usually  tested  while 
mounted  on  an  ungrounded  tabletop. 

5.  HARMONIZATION  PROGRESS 

Since  the  start  of  the  DIESC  and  the  develop¬ 
ment  of  the  guide,  there  has  been  one  step  towards  the 
harmonization  between  MIL-STD-461E  and  the  inter¬ 
national  standard  (lEC  61000-4-8).  MIL-STD-461E  has 
been  revised  to  include  an  additional  test  method  for 
conducting  magnetic  field  susceptibility  testing 


806 


(RSlOl).  The  method  uses  Helmholtz  coils  to  produce 
a  magnetic  field.  The  equipment  under  test  is 
immersed  in  the  field  during  testing.  This  is  a  change 
from  the  normal  proximity  test  method  of  RSlOl,  and  is 
basically  the  same  testing  contained  in  ICE  61000-4-8. 
The  requirements  of  MIL-STD-461E  (RSlOl)  testing 
and  lEC  61000-4-8  remain  very  different  in  frequency 
and  amplitude.  Test  RSlOl  of  MIL-STD-461E  will 
cover  the  frequency  range  of  30  Hz  to  100  kHz.  lEC 
61000-4-8  only  addresses  the  frequency  of  the  AC 
power  distribution  networks. 

6.  FUTURE  OF  HARMONIZATION. 

Communities  have  developed  our  E^  standards 
to  satisfy  their  differing  missions,  e,g.,  military  vs  ci¬ 
vilian  communities.  For  the  most  part,  a  given  E3  stan¬ 
dard  was  developed  by  a  community  to  satisfy  a  prob¬ 
lem,  or  to  ensure  alignment  with  international  rules  and 
regulations.  Therefore  it  is  a  difficult  task  to  reach  com¬ 
plete  agreement  on  the  exact  wording  or  test  procedure 
without  much  more  research  and  coordination  among 
the  interested  committees. 

It  is  expected  that  harmonization  will  be  a  long 
and  arduous  process,  but  well  worth  the  effort! 
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This  paper  presents  the  results  of  a  preliminary 
validation  assessment  of  a  new  Electromagnetic 
Framework  environment  calied  EMIPT  (ElectroMagnetic 
Interference  Prediction  Toot),  developed  to  answer  the 
requirements  of  accurate  numerical  modelling  for  the 
prediction  of  the  perfonnance  of  radar  antenna  installed 
in  a  real  ship  environment 

The  EMIPT  is  close  to  the  final  delivery  to  the  UK  Navy 
after  a  multiple  step  validation  programme  carried  out  by 
comparisons  between  simulations  and  measurements 
performed  by  DERA  (Defence  Evaluation  and  Research 
Agency)  as  expert  support  to  the  MoD  (UK  Ministry  of 
Defence). 

1.  INTRODUCTION 

The  needs  of  accurate  electromagnetic  (e.m.)  modelling 
to  approach  real  ship  design  projects  have  been 
addressed  into  a  numerical  tool  suited  to  both  support 
ship  projects  at  system  level  and  to  provide  rules  and 
guidelines  to  be  used  in  the  EMC  behaviour  of  ships  with 
respect  the  applicable  EMC  standards.  The  EMIPT 
includes  a  wide  set  of  features  capable  of  manage  the 
complex  scenario  to  be  deal  with,  Involving  the 
management  of  3D  CAD  representations  of  the  ship  with 
its  combat  system,  the  database  of  the  equipment  and  of 
the  e.m.  design  data,  the  set  of  e.m.  techniques  needed 
to  simulate  the  Interaction  between  antennas  and 
structures.  In  the  version  considered  for  this  work,  the 
system  has  been  configured  to  be  applied  to  frequencies 
above  0,5  GHz,  thus  it  is  mainly  applicable  to  radar  band 
problems. 

The  prediction  tool  Is  aimed  at  supporting  the  naval 
Engineer  with  the  following  main  features: 

^  Electromagnetic  Design  of  modern  Naval  Units, 
taking  account  of: 

realistic  Antenna  and  3D  structure  environment 
modelling,  and  operating  on  the: 

500  MHz  to  40  GHz  band  (in  the  release  here 
considered),  capable  of  predicting: 

Antenna  radiation  pattern  and  related  3D 
coverage 


Electromagnetic  Radiation  Hazard  aboard  the 
ship 

Inter  Antenna  Coupling  and  related  EMI 
on  fix/rotating  antennas  in: 

^  Radar,  EW,  Satcom  applications 

Furthermore,  the  EMIPT  has  been  conceived  to  provide 
the  following  additional  features: 

The  CAD  is  always  available  for  geometry  import 
and  manipulations  on  the  ship 
^  There  is  a  continuous  link  between  the  CAD 
elements  and  the  database 
There  is  a  continuous  link  between  the  simulation 
procedures  and  the  database 
^  A  common  Equipment/Material  database  is 
available  and  can  be  queried  at  every  stage  of 
the  operations 

^  The  system  has  an  high  portability  due  to 
development  environments  (C++,  Java) 

The  fig.  1 .  shows  a  typical  view  of  the  graphical  user 
interface  where  the  3D  CAD  scenario  has  been  taken  as 
the  central  environment  of  the  system,  supporting  the 
input  of  project  data,  the  management  of  antennas 
aboard  ships,  the  display  of  result  on  the  3D  ship  CAD 
representation. 


Fig.  1  -  EMIPT  main  front  end 
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2.  BRIEF  OUTLINE  OF  THE  EMIPT 

2.1  The  Modelling  of  Antennas 
A  model  for  aperture  and  array  antennas  (tipically  used 
in  radar  band  application)  was  developed,  based  on  the 
following  main  requirements : 

a)  the  model  must  be  as  general  as  possible, 
capable  to  cope  the  main  part  of  the  antennas 
typically  used  In  the  band  of  frequencies  of 
interest 

b)  the  model  must  be  effective  in  the  frame  of  the 
analysis  of  the  e.m.  Interaction  among  antennas 
and  ship  superstructures;  in  particular  it  must  be 
suitable  to  be  used  with  scattering  modelling 
methods  such  as  GTD  (Geometrical  Theory  of 
Diffraction)  and,  in  this  frame,  it  must  be  effective 
from  the  point  of  view  of  the  required  CPU  time 

c)  the  model  must  be  accurate  from  the  point  of  view 
of  the  antenna  radiation  pattern  and  near  field 
behaviour;  it  is  not  foreseen  to  be  used  in  the 
frame  of  antenna  design,  so  the  characterisation 
of  antenna  input  Impedance  is  a  not  interesting 
topic. 

The  model  selected  is  based  on  the  Aperture  Integration 
Method  [1],  and  it  has  been  implemented  in  the  IDS 
proprietary  code  AAM  (Aperture  Antenna  Modeller). 

The  code  Is  able  to  model  both  well  defined  antennas 
such  as  conical  corrugated  or  smoothed  horns  and  more 
general  aperture  antennas.  On  the  basis  of  the  user 
Input  data  AAM  synthetises  a  set  of  equivalent  electric 
J  \t')  and  magnetic  sources  located  on  a 

finite  set  of  points  on  a  plan  shaped  surface  (usually  the 
reference  aperture  of  the  antenna) : 

j.{fh-nAE,{P) 

Such  a  set  of  equivalent  currents  can  be  used  both  for 
e.m.  field  evaluation  (near  and  far)  and  for  inter-antenna 
coupling  evalutlon,  by  referring  to  well  known  techniques 
such  as  the  Reaction  Integral  Equation. 

Only  magnetic  equivalent  currents  (located  on  a 
perfectly  conducting  plane)  are  needed  to  represent  the 
main  lobe  and  the  nearest  secondary  lobes  of  the 
antenna,  but  also  the  electric  ones  (in  this  case  both  the 
equivalent  currents  are  working  in  free  space)  are 
needed  to  well  simulate  the  antenna  radiative  behaviour 
at  endfire  angles  and  besides,  also  on  backward 
directions. 

The  wave  impedance  Z^(P)  =  can 

be  defined  by  the  user.  It  has  been  demonstrated  that 
this  capability  is  particularly  useful  to  model  the 
backward  radiation  of  horn  type  antennas  in  a  heuristic 
but  very  effective  manner. 

In  Para.  3.1  an  example  of  the  performance  of  such 
model  is  reported  by  comparing  a  simulated  radiation 


pattern  with  a  measured  one,  on  the  overall  [0®-360*] 
circular  scan  plane. 

2.2  The  Modelling  of  Structures 

Starting  from  the  geometrical  model  of  the  environment 
under  test,  the  pertinent  electromagnetic  model  has 
been  defined  by  means  of  the  Microstation  CAD  tool, 
embedded  within  EMI-PT. 

In  order  to  perform  this  step,  a  special  purpose 
electromagnetic  meshing  application  developed  at  IDS, 
and  embedded  within  the  CAD  tool,  has  been  used. 
Since  the  GTD_EM  solver  tool  (a  IDS  proprietary  code 
based  on  the  Uniform  Theory  of  Diffraction)  is  used,  the 
electromagnetic  model  must  be  defined  by  a  set  of 
canonical  shapes,  whose  closed  form  scattering 
formulation  Is  known  (known  as  canonical  problems). 

By  means  of  the  electromagnetic  mesher,  the  user  can 
define  the  CAD  model  by  a  proper  set  of  the  following 
canonical  shapes: 

•  Multisided  Flat  Plates 

•  Cones  and  cone  frustums 

•  Cylinders 

•  Disks 

2.3  The  EM  Computation 

Results  have  been  computed  by  means  of  the  GTD_EM 
code  embedded  within  the  EMI-PT. 

By  means  of  this  code,  it  is  possible  to  separately  select 
a  large  set  of  propagation  mechanisms  and  verify  the 
main  scattering  contributions  to  the  received  field. 
Moreover,  since  ray  tracing  and  field  computation  are 
computed  into  two  separate  steps,  it  is  also  possible  to 
visualise  all  the  ray  paths  and  the  relevant  field 
contribution,  thus  performing  a  sort  of  diagnostic  check 
to  the  problem  under  investigation  and  ensuring  the 
understanding  of  all  the  involved  propagation 
phenomena. 

Moreover,  the  code  is  also  able  to  account  for  non 
perfectly  conductive  materials  and  simulate  the 
behaviour  of  RAMs. 

3.  VALIDATION  RESULTS 

The  development  of  the  EMIPT  has  been  carried  out 
under  a  contract  from  the  UK  MoD  and  has  been 
conceived  on  the  basis  of  a  pre-existing  tool  called  “Ship 
EDF”  that  has  been  widely  validated  during  many  years 
of  application  to  complex  e.m.  projects  of  ship,  mainly  on 
behalf  of  the  Italian  Navy.  In  particular  the  two  tools 
includes  the  same  electromagnetic  solver  engines  that 
have  been  subjected  to  a  wide  validation  programme  on 
behalfoftheUKMoD. 

The  following  paragraphs  present  some  examples  of 
validation  taken  from  this  activity,  that  has  been  focused 
on  the  application  to  the  radar  band  scenario,  giving  a  lot 
of  useful  information  on  the  problem  of  accuracy  when 
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dealing  with  very  short  wavelength  In  a  real  environment 
and  on  the  physical  behaviour  of  some  parameters  that 
must  be  carefully  considered  In  performing  analysis  and 
measurement. 


The  validation  procedure  has  been  scheduled 
according  to  a  three  step  process,  with  increasing 
complexity  of  the  scenario.  The  first,  identified  as 
Validation  Pack  1  (VP1)  refers  to  the  structure 
shown  in  Fig.2,  that  represents  the  simpler 
scenario.  The  second  step  called  VP2  refers  to  a 
real  scale  model  of  a  ship  superstructure  shown  in 
Fig.  3,  and  involves  horns  as  well  as  navigation 
radar  antennas.  The  final  third  step  involves  a  real 
ship  platform  with  horns  and  navigation  radar 
antennas  and  all  the  structural  complexity 
associated  with  it. 

in  the  next  chapters  a  few  examples  of  validations  are 
given  to  provide  an  overview  of  the  obtainable  accuracy 
and  of  the  applicability  of  the  numerical  prediction  tools. 


Fig.  3  ~  Second  step  validation  scenario  (VP2) 


3.1  Validation  of  the  Antenna  Model 

The  numerical  antenna  model  has  been  built  up  by  using 
the  IDS  Aperture  Antenna  Modeller  (AAM).  The  model  Is 
validated  by  checking  its  far  field  radiation  pattern  in  free 
space  against  the  measured  one.  Fig.  4  shows  an 
example  of  validation  related  with  the  radiation  pattern  of 
a  Horn  operating  at  3  GHz,  on  the  full  azimuth  scan.  By 
using  the  same  technique  all  the  mostly  used  antenna  in 


the  radar  band  are  modelled,  from  reflector  to  aperture 
and  array,  and  horns. 


Fig.  4  -  Antenna  Numerical  Model  validation 


3.2  Far  Field  Validation 

The  far  field  validation  of  antenna  interacting  with  the 
structures  has  been  performed  in  VP1  according  to  a  set 
of  many  different  orientation  of  horn  antennas  operating 
from  3  to  18  GHz.  Fig.  5  shows  the  geometry  considered 
for  the  validation  result  presented  in  Fig.  6. 


The  transmitting  antenna  is  pointed  to  the  wedge  of  the 
supporting  mast  and  the  pattern  is  slipped  into  two 
beams,  one  coming  from  the  reflection  on  the  mast  wall 
and  the  other  degraded  by  the  masking  from  the  mast. 
Furthermore  the  example  show  the  behaviour  along  near 
and  far  side-lobes  regions. 


Fig.  6  -  Comparison  on  far  field  for  the  configuration 
shown  in  Fig.5 
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3.3  Near  Field  Validation 

The  near  field  validation  was  carried  out  according  to  the 
scenario  of  Fig.7,  where  the  details  of  the  measurements 
grid  are  highlighted;  the  field  strength  were  measured  in 
the  cross  points  of  the  grid  lines  and,  for  each  point, 
three  measurements  have  been  done,  at  the  nominal 
point,  and  at  two  more  points  moved  by  ?t/3  and  2/3X 
along  the  X  direction. 


Fig.  7  -  VP1  near  field  validation  scenario 


An  example  of  validation  result  is  presented  in  Fig.8 
concerned  with  a  scan  along  the  line  A.  The  result  show 
the  details  of  the  behaviour  of  the  computed  field 
strength  with  respect  the  measured  one;  as  expected, 
the  finer  sampling  rate  of  the  simulations  highlights  the 
interesting  features  of  the  true  physical  behaviour  of  the 
field.  The  multipath  effects  due  to  the  superposition  of 
many  scattering  contributions  give  the  information  of  the 
range  of  the  field  values  for  the  different  sampling  points. 
This  kind  of  result  suggested  also  some  interesting 
review  of  the  criteria  for  performing  more  effective  near 
field  measurements  aboard  real  ships  that  are  under 
discussion. 


Fig.  8  -  Validation  Pack  1  Near  Field  example 

Following  the  same  approach,  a  further  example  related 
to  the  VP2  scenario  is  presented  according  to  the 
configuration  of  Fig.9. 


Flg.9  -  VP2  near  field  validation  scenario 

An  example  of  validation  result  is  shown  in  Fig.  10.  The 
result  highlights  propagation  effects  similar  to  those 
observed  for  the  VP1  case,  confirming  that  the  near  field 
behaviour  In  typical  ship  environments  have  basic 
common  features  that  must  be  carefully  considered 
when  dealing  with  near  field  analysis  both  by  prediction 
and  measurements. 


E  (dBV/m 


Fig. 10.-  Validation  Pack  2  Near  Field  example 


The  whole  set  of  the  considered  cases  gave  much 
Information  on  the  confidence  achievable  using  the 
prediction  for  such  complex  real  scenarios. 

3.4  Coupling  Validation 

The  geometry  for  the  VP1  coupling  validation  is 
shown  in  Fig.  2;  in  the  example  here  presented 
both  the  transmitting  and  the  receiving  horn  are 
pointed  toward  the  mast  No.2,  so  the  coupling 
occurs  via  direct  ray  along  the  line  of  sight 
between  the  two  antennas,  weighted  by  the 
sidelobe  of  the  horns,  and  via  reflected  waves  on 
the  mast  2,  weighted  by  the  main  beam  of  the 
horns. 

The  result  of  the  validation  is  shown  in  Fig.  11, 
where  the  coupling  behaviour  on  the  8  to  12  GHz 
band  is  presented. 

The  effect  of  multipath  due  to  different  path 
contributions  is  highlighted  on  such  frequency  scan 
analysis. 
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Fig.  11  -  VP1  coupling  validation  example 


In  Fig.  12  the  layout  of  an  example  concerned  with  the 
validation  pack  2  is  shown. 


Fig.  12  -  VP2  coupling  scenario  example 


According  to  such  configuration,  the  Fig.  13  shows  the 
result  of  the  frequency  swept  coupling  validation.  The 
VP2  scenario  shows  several  effects  arising  from  the 
scattering  of  the  structures;  however  there  are  some  fast 
oscillations  in  the  measured  curves  that  could  be 
produced  by  additional  noise  sources  not  included  in  the 
prediction. 


C(dB} 


4.  CONCLUSIONS 

This  paper  presents  a  limited  selection  of  the  whole  set 
of  results  obtained  during  a  large  validation  programme 
of  the  EMIPT  code,  in  order  to  to  give  an  overview  of  the 
performance  of  the  numerical  prediction  approach  to  the 
design  of  modern  ship  platforms. 

The  work  highlighted  not  only  the  validation  aspects  of 
the  tool,  but  gave  many  important  information  on  the 
problems  that  the  e.m.  engineer  can  experience  when 
dealing  with  antenna  and  EMC  problems,  on  real  ship 
environment,  in  the  radar  bands. 

It  is  worth  noting  that  in  many  practical  situations  it  is 
very  difficult  to  characterise  properly  the  behaviour  of 
some  specific  e.m.  parameters,  such  as  the  near  field  on 
areas  close  to  the  structures.  In  this  scenario  the  work 
pointed  out  the  usefulness  of  integrating  with  additional 
information  the  possible  measurement  campaigns,  that 
seems  to  be  potentially  limited  in  providing  the  amount  of 
data  needed  to  sample  the  parameter  with  the  proper 
step. 

From  this  last  point  of  view,  the  numerical  prediction 
showed  the  capability  of  providing  a  very  efficient  means 
to  improve  the  characterisation  of  the  e.m.  environment 
especially  for  checking  Its  behaviour  with  respect  to  the 
applicable  norms  threshold,  as  happens  in  the  case  of 
radiation  hazard  assessment. 

Furthermore,  in  the  frame  of  this  assessment  process, 
the  application  of  the  prediction  showed  the  capability  to 
provide  powerful  diagnostics  tools,  in  terms  of  ray  tracing 
and  induced  currents  analysis  based  on  graphical 
display  on  the  3D  CAD  ship  model.  This  capability  was 
usefully  employed  to  investigate  many  e.m,  phenomena 
features  that  helped  in  a  better  understanding  of  the  real 
e.m.  scenario  and,  in  some  way,  gave  useful  inputs  for 
optimising  the  measurement  procedures  and  related 
standards. 
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The  present  paper  deals  with  the  possibility  of 
predicting  the  electromagnetic  field  levels  into  a  closed 
volume  by  means  of  a  statistical  formulation. 

The  source  of  radiation  can  be  both  internal  (e.g.  an 
equipment  with  parasitic  radiation)  or  external  (e.g.  an 
electromagnetic  field  due  to  equipment  or  antennas 
placed  externally  to  the  volume  itself). 

The  interface  between  the  internal  volume  and  the 
external  one  is  constituted  by  a  set  of  apertures.  The 
mean  dimensions  of  the  apertures  must  be  in  the  order 
of  the  wavelength  or  greater. 

The  formulation  is  based  on  the  oversized  cavity 
method:  the  main  principle  is  that,  if  the  volume 
dimensions  are  greater  than  a  few  wavelengths,  a  lot  of 
resonant  modes  are  excited  and  the  electromagnetic 
field  level  is  characterised  by  a  mean  value  that  is 
rather  independent  from  the  volume  structure. 

On  a  spacecraft,  the  available  volume  is  reduced  by 
practical  reasons,  whereas  the  number  of  payloads  is 
very  high.  The  EMI  problem  of  predicting  the  field  inside 
the  spacecraft  body  is  thus  an  important  and  actual 
problem. 

To  apply  the  formulation  to  a  spacecraft,  a  set  of 
extensions  to  the  formulation  itself  have  been 
performed,  in  order  to  take  into  account: 

•  Multiple  volumes  separated  by  conductive 
interfaces  each  one  with  a  set  of  holes  that  allow 
propagation  effects  between  neighbouring 
volumes. 

•  The  presence  of  lumped  absorbers,  aimed  at 
reducing  the  field  levels  inside  the  volume. 

Due  to  its  computational  efficiency,  this  approach  is 
very  useful  for  preliminary  and  large  scale 
investigations. 

1.  THEORETICAL  FORMULATION 

The  oversize  cavity  approach  is  based  on  the  concept 
of  the  reverberating  chambers,  used  for  EMi 
assessment  of  consumer  and  industrial  products. 

Under  this  concept,  when  a  volume  of  irregular  shape, 
delimited  by  conductive  walls,  is  excited  by  a  source  of 
e.m.  radiation  whose  wavelength  is  much  smaller  than 


the  dimensions  of  the  volume  itself,  the  internal  field  can 
be  represented  by  the  sum  of  a  lot  of  characteristic 
modes:  the  resulting  field  averages  around  a  settled 
value,  independently  from  the  position  Into  the  volume 
itself. 

Basing  on  this  concept  and  resorting  to  the  principle  of 
energy  conservation,  the  simple  cases  of  an  external 
source  and  of  an  interna!  source  can  be  considered  In 
order  to  point  out  the  main  characteristics  of  this  theory. 
The  reader  can  found  in  [1,2]  the  full  analytical  approach 
and  all  the  details  of  the  theory. 

For  both  the  following  examples  it  is  supposed  that  the 
walls  defining  the  volume  are  conductive  materials 
without  losses  and  the  volume  is  characterised  by  an 
apertures  set  whose  total  area  is  At. 

If  the  source  is  internal  and  is  radiating  a  power  Pi,  in 
absence  of  losses  all  the  energy  will  flow  through  the 
apertures  and  the  r.m.s.  field  value  will  be  given  by: 

^2  I  5" 


P  =  —  hence  E  =. 


(1) 


Assuming  a  steady  condition,  if  E  is  the  field  value  at  the 
interface,  it  will  also  be  the  field  internal  to  the  volume 
itself. 


If  an  external  source  it  is  exciting  one  of  apertures  of  the 
volume,  with  an  area  equal  to  Ae,  and  the  field  due  to  the 
external  source  on  the  interface  is  equal  to  Ee,  then  the 
field  level  within  the  considered  volume  will  be: 

E ^  E^  I A 

— = — A  ,  hence  E  =  E  -f  (2) 

V  V  \  A 

However,  the  following  considerations  apply  must  be 
taken  into  account: 

1.  In  the  energy  flux  it  has  been  supposed  that  an 
asymptotic  approximation  of  field  constant  across  the 
aperture  is  applicable  (hence  the  aperture  much 
greater  than  the  wavelength):  this  hypothesis  must  be 
verified. 

2.  At  low  frequencies,  some  cables  passing  through 
holes  can  modify  the  way  energy  propagates  between 
the  external  and  the  internal  sides  of  the  volume. 

3.  The  settled  field  level  can  be  assumed  valid  at  a 
distance  sufficiently  far  from  the  feeding  source  (either 
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an  internal  source  or  an  aperture  in  case  of  external 
excitations) 

4.  In  the  case  of  internal  source,  if  the  apertures  are 
reduced  to  a  minimum  area  and  no  losses  are 
assumed,  the  computed  value  can  diverge  from  the 
real  one:  however,  this  is  a  situation  in  which  also 
the  use  of  exact  methods  is  very  critical. 

About  the  considerations  (1)  and  (2),  it  has  been 
verified  that: 

•  if  the  aperture  has  no  passing  cables  and 
characteristic  dimensions  are  in  the  order  of  half  a 
wavelength  or  greater,  then  the  energy  flux  rapidly 
converge  to  the  asymptotic  value:  a  dumping 
coefficient,  to  be  applied  to  the  aperture  area,  can 
however  be  considered  in  order  to  account  of  small 
apertures:  note  that  for  resonant  apertures  this 
coefficient  can  be  greater  than  1 .  In  case  of  doubts, 
each  aperture  can  be  separately  analysed  by 
means  of  exact  methods  and  its  equivalent  area 
can  be  readily  obtained. 

•  If  some  cables  pass  through  the  apertures,  the 
problem  is  somewhat  more  complex,  since  also  the 
grounding  details  must  be  considered  and  the  use 
of  an  exact  method  is  required;  however,  if  the  net 
area  of  the  aperture  is  greater  than  A'^the 
asymptotic  approximation  applies,  but  the  net  area 
must  be  considered. 

Finally,  some  extensions  are  required  in  order  to 
manage  interfaces  with  neighbouring  volumes  (hence 
propagation  across  different  regions)  and  the  presence 
of  absorbers  aimed  at  reducing  the  internal  field  level. 

2.  COMPUTER  CODE 

Based  on  the  previous  theoretical  formulation  a 
software  tool  has  been  developed;  it  is  able  to  evaluate 
the  expected  e.m.  field  levels  in  a  cavity  caused  by 
device’s  radiated  e.m.  emission  or  by  incident  external 
e.m.  field  for  frequencies  greater  than  1  GHz.  The  tool 
was  developed  to  perform  analyses  of  EMC/EMI  risk 
assessment  on  satellite  but  its  use  is  very  general  and  it 
can  find  applications  where  the  objective  is  to  evaluate 
e.m.  field  levels  In  cavity  with  dimensions  greater  than 
many  wavelengths.  The  ‘Oversize’  tool  is  able  to: 

consider  the  presence  of  e.m.  absorbers  in  the 
cavity; 

consider  cavities  composed  by  multiple 
communicating  volumes; 

define  radiated  emission  measure  for  each 
Installed  equipment  and  use  it  for  the  definition  of 
internal  sources; 

perform  analyses  based  on  a  predefined 
environment  (geometry,  equipment  configuration) 
and  ‘what  if  type; 

define  all  the  Input  data  and  compute  options  by  a 
user  friendly  interface; 

produce  reports  resuming  results  and  compute 
options  selection. 


The  following  picture  shows  the  main  menu  window  of  the 
tool  ‘Oversize*. 


Fig.  1  -  Main  window 


The  tool  permits  to  define  and  manipulate  the  geometry 
of  the  model  modifying  apertures  area,  panel  area  and 
conductivity,  absorber  efficiency  etc..  Fig. 2  shows  the 
graphic  user  interface  which  permits  the  user  to  change 
the  previous  geometrical  and  electrical  parameters. 


Fig.  2  -  Geometry  data  definition  window 


The  user  can  also  change  the  equipment  characteristics 
in  terms  of  emissions,  operative  frequency  and  position 
inside  the  cavity,  Fig.3  shows  the  window  with  the  option 
that  the  user  can  change.  All  the  previous  parameter 
changes  are  fundamental  to  conduce  ‘what  if  type 
analyses. 


Fig.  3  -  Equipment  data  definition  window 
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3.  VALIDATION  RESULTS 

The  software  tool,  briefly  described  in  the  previous 
chapter,  has  been  validated  by  Finite  Difference  Time 
Domain  (FDTD)  analyses  of  the  expected  e.m.  levels 
into  a  spacecraft  sector  excited  by  an  external  field 
source  at  1 .55  GHz  located  on  the  top  of  the  cavity. 

The  geometrical  model  represents  a  spacecraft  volume 
with  apertures  for  solar  array  booms  and  for 
waveguides.  The  following  two  pictures  show  an 
external  and  an  internal  view  of  the  cavity;  the 
modelling  was  almost  complete  as  It  considers  the 
presence  of  apertures  and  devices  occupation  space. 


Fig.  4  -  External  view 


Fig.  5-  Internal  view 


The  first  main  result  of  the  simulations  is  that  the  field 
level  in  the  cavity  Is  constant  on  average.  The  following 
picture  shows  the  e.m.  field  level  along  the  Z  axis  from 
the  top  to  the  floor  of  the  sector.  As  it  can  be  noticed  at 
Z=80u  the  field  takes  its  higher  value  which  accounts 
for  the  aperture  excited  by  the  externa!  field  source  but 
rapidly,  just  about  0.2  m  from  the  top  of  the  cavity,  It 
tends  to  a  steady  value. 


It  is  necessary  to  point  out  that  the  high  level  at  Z=80u  is 
caused  by  the  presence  of  an  hole  which  feeds  the  cavity 
with  the  e.m.  energy  used  for  this  test. 

The  constant  distribution  inside  the  cavity  is  also 
confirmed  by  the  following  statistic  parameters  evaluated 
on  the  field  values  obtained  from  the  simulations. 


Mean  value  0. 1 1 3  V/m 

Standard  deviation  0.0407  V/m 

Effective  Value  0.120  V/m 

Tab.  1  -*  FDTD  field  levels  statistics 


Percent . 


All  the  previous  results  confirm  that  the  basic  hypothesis 
of  the  oversize  cavity  formulation  about  the  uniformity  of 
the  field  level  inside  a  cavity  at  high  frequency  is  correct. 
The  most  important  result  which  validates  the  software 
tool  ‘Oversize’  is  that  the  effective  value  obtained  it  is 


815 


very  near  to  the  result  obtained  by  ttie  FDTD  simulation, 
in  fact  it  results  to  be  0.122  V/m. 

4,  CONCLUSIONS 

A  statistical  approach,  known  as  oversize  cavity,  has 
been  tested  In  order  to  analyse  the  e.m.  fields  inside  a 
closed  volume.  Validation  has  been  performed  by 
means  of  FDTD  and  a  good  agreement  between  the 
two  methods  has  been  demonstrated.  Since  this 
statistical  approach  is  based  on  asymptotic 
assumptions,  it  is  expected  to  be  more  and  more  valid 
as  the  ratio  between  the  volume  dimensions  and  the 
wavelength  increases,  so  it  can  replace  the  use  of  exact 
methods  especially  when  they  are  no  more  applicable 
due  to  memory  and  CPU  time  requirements. 

Even  if  it  has  been  applied  to  the  assessment  of  EMI 
compatibility  for  spacecraft,  It  could  also  be  applied  to 
other  kind  of  problems,  such  as  for  e.m.  field  levels 


inside  instrumentation  racks  and  in  general  whenever  the 
field  level  into  large  cavities  must  be  predicted. 
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Electromagnetic  Interference  (EMI)  on  the 
topside  of  modern  naval  platforms  is  becoming  an 
increasing  problem  because  of  the  high  density  of 
competing  antenna  systems.  The  prediction  of  EMI 
is  complex,  time  consuming  and  expensive.  The 
advent  of  high  specification  computers  now  makes 
computer  simulation  predictions  a  cost-effective 
means  of  identifying  EMI  whilst  the  platform  is  still 
in  its  design  stages.  DERA  has  acknowledged  the 
EMI  problem  and  is  developing  an  EMI  prediction 
code  called  the  Mutual  Interference  Simulation 
Tool  (MIST).  This  paper  will  explain  how  MIST 
works,  and  demonstrate  its  advantages  and 
capabilities. 


1.  INTRODUCTION 

Electromagnetic  Interference  (EMI)  on  the 
topside  of  modern  naval  platforms  is  becoming  an 
increasing  problem  because  of  the  high  density  of 
competing  antenna  systems  (Figure  1). 

Intra-ship  EMI  is  caused  by  the  propagation  of 
electromagnetic  energy  from  a  radiating  source 
(transmitter)  to  a  “victim”  (receiver)  on  the  same 
platform.  The  propagation  path  may  be  direct 
between  the  source  and  victim,  or  indirect  where 
energy  reaches  the  victim  after  first 
reflecting/diffracting  from  the  superstructure. 

The  problem  of  EMI  on  naval  platforms  is 
extremely  complex  and  growing.  Not  only  are  more 
systems  being  introduced  to  the  average  topside, 
but  their  sensitivity  to  noise  is  also  increasing.  EMI 
reduces  the  signal  to  noise  ratio  of  systems,  and  is 
particuiarly  serious  for  surveillance  and  tracking 
radars.  Figure  2,  shows  the  range  of  systems  that 
might  typically  be  fitted  to  a  modern  naval  platform 
and  the  regions  of  the  frequency  spectrum  that 
they  occupy. 


Figure  1.  An  example  of  a  topside  electromagnetic 
environment 
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Figure  2.  Sensor/Frequency  Chart 

EMI  problems  are  usually  identified  once  the 
platform  is  in  service.  Combating  the  EMI  involves 
expensive  retrospective  modifications.  This  may 
require  large  structural  alterations  to  the  topside 
(e.g.  antenna  relocation.  Radar  Absorbing  Material 
(RAM)  application,  structural  reshaping)  in  order  to 
achieve  a  tolerable  level  of  EMI.  The  sensible 
approach  is  to  predict  the  causes  and  magnitude 
of  the  EMI  using  computer-modelling  tools  while 
the  platform  is  in  its  conceptual  or  design  stage, 
avoiding  costly  modifications  later  on. 
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In  order  to  address  this  DERA  is  developing  the 
Mutual  /nterference  Simulation  fool  (MIST)  to 
predict  EMI  on  naval  platforms.  This  tool  models 
frequencies  ranging  from  High  Frequency  (HF)  to 
the  microwave  bands.  This  paper  deals  only  with 
MIST’S  microwave  modelling  capability. 


2.  BENEFITS  OF  EM  MODELLING 

There  are  three  methods  of  assessing  EMI  on 
naval  platforms.  The  first  involves  measurements 
taken  on  sea  trials.  Here  all  the  environmental 
information  is  available  but  this  type  of  trial  is 
difficult  to  control,  is  very  time  consuming  and 
expensive.  The  second  method  involves  laboratory 
trials.  These  are  highly  controllable  and  give  an 
insight  into  the  basic  EMI  mechanisms.  However, 
unlike  the  sea  trials,  most  of  the  environmental 
parameters  cannot  be  represented.  They  too  are 
time  consuming  and  expensive.  The  third  method 
uses  computer  simulation  or  EMI  prediction  tools. 
These  are  generally  highly  controllable,  fast, 
inexpensive  to  use,  and  highly  flexible.  They  are 
best  utilised  during  the  conceptual/design  phase  of 
a  platform.  Computer  modelling  though  is  only  as 
accurate  as  the  parameters  fed  into  the  software, 
in  this  case  the  antenna  parameters  and  the  CAD 
representation  of  the  platform.  The  benefits  of 
computer  simuiation  can  be  summarised  as 
follows: 

•  The  effects  of  EMI  on  "victim”  receiver 
antennas  can  be  quantitatively  and 
qualitatively  assessed. 

•  EMI  problems  can  be  identified  earlier  on  in 
the  project  life  cycle  while  the  platform  is  in 
the  concept/design  stage.  This  leads  to 
lower  downstream  costs  and  a  better  final 
system  performance. 

•  Once  problems  are  identified  solutions  to 
reduce  EMI  can  be  modelled.  These  include 
the  application  of  RAM,  repositioning  of 
antennas  and/or  reshaping  parts  of  the 
superstructure  to  reflect  Electromagnetic 
Radiation  (EMR)  into  low  risk  directions. 

•  EMI  predictions  using  EM  modelling  tools 
like  MIST  saves  time  and  money. 

•  All  modelling  can  be  tailored  to  the 
customer’s  needs. 

3.  HOW  EMI  IS  MODELLED 

Modelling  a  naval  platform  is  a  complex 
procedure  and  should  normally  be  performed  by 
an  experienced  operator.  From  the  CAD  model 
design  of  the  platform  through  the  final  analysis  of 
the  results  the  necessary  steps  to  carry  out  a 
complete  assessment  are  described  below. 


The  shipbuilder/customer  supplies  the 
necessary  antenna  parameters,  CAD  model  data 
of  the  platform  and  the  type  of  EMI  assessment 
that  is  required.  The  surface  CAD  model 
representation  of  the  platform  is  converted  into  a 
solid  representation  by  subdividing  it  into  small  flat 
patches.  This  process  is  referred  to  as  "meshing" 
(Figure  3).  We  note  here  that  to  maintain  a  high 
fidelity  representation  of  the  model,  the  mesh 
density  applied  should  vary  with  the  surface 
contour,  especially  when  curved  surfaces  are 
found  (Figure  4).  In  general  the  mesh  density  is 
dependent  on  several  factors.  The  size  of  the 
platform,  whether  the  observation  point  is  in  the  far 
field  criterion  of  the  source  and  the  accurate 
representation  of  micro-geometry  are  some  to 
mention.  Generally,  mesh  sizes  range  from  tens  to 
hundreds  of  thousands  of  elements,  increasing  as 
the  complexity  of  the  model  increases.  A  meshed 
model  is  shown  below. 


Figure  3.  A  meshed  model 


Figure  4.  Close-up  view  of  topside 


Antennas  are  imported  and  “joined”  to  the 
structure  from  the  MIST  Antenna  database.  This 
database  contains  all  the  physical  and  electrical 
parameters  of  most  common  Electromagnetic  (EM) 
sensors.  At  this  stage  the  CAD  model  is  ready  and 
the  geometrical  data  are  extracted.  An  edge 
detection  routine  is  executed  and  diffracting  edges 
are  automatically  identified. 
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In  order  to  model  complex  interactions  such  as 
double  and  triple  reflection/diffraction,  the  line  of 
sight  (LOS)  between  scatterers  in  the  structure 
must  be  determined.  This  is  achieved  via  a 
sophisticated  ray-tracing  algorithm.  Edge  and  LOS 
identification  take  about  90%  of  the  total  runtime, 
but  do  not  require  any  human  intervention  and  are 
therefore  cheap  and  easy  to  accomplish. 

The  Electromagnetic  interactions  are  modelled 
by  using  three  high  frequency  approximation 
techniques.  These  are  Physical  Optics  (PO),  the 
Physical  TTieory  of  Diffraction  (PTD)  and 
Geometrical  Optics  (GO),  which  are  implemented 
into  the  MIST  EM  solver.  For  multiple  reflections 
the  combination  GO/PO  is  used.  The  EM  data 
output  by  MIST  can  be  visualised  in  several 
different  ways  as  described  below.  This  output  can 
also  be  analysed  using  “Commercial  of  the  Shelf 
(COTS)  software. 


4.  MIST  CAPABILITIESA/ISUALISATION 

MIST  outputs  can  be  analysed/visualised  in  a 
variety  of  formats.  The  EM  solvers  are  set  to 
calculate  the  total  scattered  electromagnetic  field 
for  a  particular  source/victim  pair.  With  this 
information  quantities  such  as  Propagation  Loss 
can  be  extracted.  The  visualisation  of  high  return 
scatterers  on  the  superstructure  is  shown  as 
“hotspots"  (Figure  5),  and  complex  energy  (ray) 
paths  (Figure  6)  are  displayed  as  lines  as  shown  in 
the  figures  below.  A  combination  of  the  two 
displays  is  also  possible. 

MIST  can  be  used  to  model  a  source/victim  pair 
and  in  general  it  can  determine  electromagnetic 
field  densities  at  any  observation  point  specified  by 
the  user. 

The  output  here  can  determine  what  treatments 
are  most  appropriate  to  reduce  EMI,  e.g.  special 
coatings,  alternative  materials,  reshaping  or 
relocation. 


Figure  6.  Display  of  complex  ray  paths 


Another  visualisation  format  is  the  polar  plot 
display  of  the  change  of  EMI  with  antenna 
orientation,  as  shown  below  in  Figure  7. 
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Figure  7.  Polar  Plot 


A  very  useful  tool  that  might  be  used  during  the 
concept/design  or  retrofit  stages  of  a  platform  is 
the  blockage  display.  Areas  of  the  superstructure 
blocking  the  visibility  of  a  sensor  or  directional 
weapon  can  be  readily  identified,  as  shown  in 
Figure  8. 


Figure  5.  Hotspots  display 
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Figure  8.  Blockage  Analysis  Display 


MIST  can  run  on  a  standard  PC  without  the 
need  for  expensive  workstations.  Access  to  the  EM 
solvers,  CAD  software  and  output  data  is  achieved 
via  a  simple  standard  windows  graphical  user 
interface  (GUI).  The  GUI  allow  the  user  to  readily 
create  /  modify  the  actual  platform  being  modelled, 
transfer  data  files  and  post-process  results  from 
the  EM  solver.  The  COTS  CAD  package  used  to 
create  the  model  geometry  and  view  post¬ 
processing  is  very  intuitive  and  versatile,  and  is 
able  to  import  a  variety  of  standard  file  formats 
including  stereolithography  files. 

With  the  aim  on  minimising  human  intervention 
and  thus  increasing  the  cost-effectiveness  of  the 
process,  MIST  also  features  automatic 
identification  of  edges  and  multiple  reflections. 

MIST  capabilities  can  be  summarised  as  follows; 

•  Prediction  of  sources  of  EMI  on  complex 
platforms. 

•  Clear  visualisation  of  EMR  propagation  in 
the  form  of  “hotspots”,  ray  paths,  polar  plots 
and  field  densities. 

•  User  friendly  interface  to  EM  solver,  CAD 
software  and  data  output  via  simple 
standard  windows  GUI. 

•  MIST  is  compatible  with  standard  COTS 
CAD  packages. 

•  Realistic  antenna  representation  and 
comprehensive  database. 


•  Automatic  diffracting  edge  and  multiple 
interactions  detection. 

•  Ability  to  use  a  variety  of  input  file  formats. 

5.  CONCLUSIONS 

The  problem  of  EMI  on  topside  of  naval 
platforms  is  complex  and  needs  to  be  addressed. 
Sea  and  laboratory  trials,  although  possible,  are  no 
longer  an  option  when  these  are  compared  to  the 
more  cost-effective  computer  simulation  approach. 

DERA  is  developing  the  MIST  modelling  tool 
which  is  designed  to  predict  the  sources  and 
magnitude  of  EMI  on  naval  platforms,  ideally  when 
they  are  in  their  concept/design  stage.  A 
comprehensive  antenna  database  provides  the 
necessary  information  to  assess  EMI  qualitatively 
and  quantitatively. 

Future  capabilities  will  include  the  modelling  of 
composite  materials,  which  at  present  are 
beginning  to  populate  the  topsides  of  naval 
platforms. 
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Numerical  results  obtained  by  applying  a  stable 
marching-on-in-time  solution  scheme  of  the  Electric 
Field  Integral  Equation  (EFIE)  are  compared  with 
experimental  data  relevant  to  the  case  of  scattering 
from  continuous  metallic  bodies  and  metallic  shelters 
with  apertures.  The  experiments  have  been  performed 
in  an  Electromagnetic  Pulse  (EMP)  hardware 
simulator,  reproducing  plane  wave  illumination 
conditions.  The  above  comparisons  are  used  to 
discuss  the  limits  of  applicability,  with  specific 
reference  to  numerical  stability,  of  the  corresponding 
simulator,  which  is  based  on  a  Method  of  Moments 
(MoM)  solution  of  the  EFIE  in  time  domain.  The 
observations  drawn  may  be  useful  to  define  general 
EMC  standard  guidelines  for  validating  application 
oriented  software  packages. 


1.  INTRODUCTION 

Numerical  techniques  for  the  prediction  of 
electromagnetic  fields  scattered  by  complex  objects, 
directly  operating  in  time  domain  (TD),  have  recently 
received  considerable  attention.  The  availability  of 
computer  codes  based  on  such  techniques  is  of 
remarkable  importance,  for  instance,  in  the  field  of 
electromagnetic  compatibility,  where  the  interest  is 
often  extended  to  wide  fi*equency  bands. 

Among  the  algorithms  proposed  in  the  literature  for 
TD  analysis  of  electromagnetic  scattering,  we  mention 
the  TD  formulation  of  the  well-known  method  of 
moments  (MoM),  which  proves  computationally 
efficient  [1].  However  this  algorithm  suffers  fi-om  a 
definite  tendency  to  instability,  that  is,  the  calculated 
induced  current  and  field  distributions  typically  exhibit 
spurious  fluctuations  of  growing  amplitude  and 
eventually  diverge.  These  unintended  instabilities  are 
introduced  at  the  system  discretization  stage,  i.e.,  in 
the  conversion  of  the  Electric  Field  Integral  Equation 
(EFIE)  to  a  discrete  space-time  model.  Similar 
problems  arise  in  the  application  of  the  magnetic  and 
combined  field  integral  equations.  In  particular,  the 


achievement  of  a  stable  numerical  procedure  strongly 
depends  on  how  the  original  problem  is  discretized, 
both  in  space  (size  and  shape  of  the  triangular  patches) 
and  time  (time  step  and  shape  of  basis  functions)  [2]. 

This  paper  deals  with  the  validation  of  a 
numerically  stable  simulation  procedure,  based  on  a 
formulation  of  the  Electric  Field  Integral  Equation  in 
Time  Domain  (EFIE-TD).  In  particular,  simulation 
data  are  compared  with  results  obtained  from 
experiments  performed  on  a  set  of  canonical  metallic 
bodies.  The  experiments  have  been  carried  out  in  an 
open-site  Electromagnetic  Pulse  (EMP)  hardware 
simulator.  The  induced  current  densities  on  the 
exterior  surface  of  metallic  bodies  have  been  measured 
by  broad-band  sensors  which  are  coupled  to  the 
magnetic  field  components  tangential  to  the  above 
surfaces.  The  measured  current  densities  have 
therefore  been  processed  in  order  to  eliminate  the 
effects  introduced  by  the  measuring  instruments  chain 
and  those  of  air  humidity  that  strongly  affects  the 
results.  In  particular,  a  procedure  is  shown  which 
allows  us  to  reconstruct  the  actual  amplitude  of  the 
electric  field  impinging  on  the  scattering  object.  In  this 
way,  the  statistical  approach  is  avoided  and  no 
averaging  of  the  measurements  is  needed  to  compare 
the  predicted  and  measured  results.  A  set  of 
conducting  canonical  bodies  has  been  tested,  either 
open  or  closed.  The  limits  of  applicability  of  the  EFIE 
are  discussed  for  the  case  of  open  bodies.  Finally,  we 
point  out  that,  due  to  the  large  time  constants 
characterizing  the  measurement  setup,  comparisons 
between  experimental  and  numerical  data  can  be 
performed  only  if  the  employed  method  is  stable  also 
at  late  times;  in  our  case  this  long  term  stability  has 
been  obtained  by  the  analysis  developed  in  [2]. 

Finally,  we  note  that,  once  validated,  the  TD 
electromagnetic  simulator  presented  in  this  paper  may 
constitute  a  valid  alternative  to  measurement 
procedures  in  the  analysis  of  electromagnetic  field 
distribution  in  complex  environments.  It  allows  us  not 
only  to  formulate  predictions,  but  also  to  verify  and 
interpret  experimental  data. 


2.  A  STABLE  MoM-TD  FORMULATION 

A  TD  version  of  the  EFIE  suitable  for  solving  the 
scattering  problem  of  interest  is  described  in  this 
section  and  solved  through  a  MoM  approach.  Let  S  be 
the  exterior  surface  of  a  perfectly  conducting  body, 
which  can  be  either  closed  or  open,  illximinated  by  an 

arbitrarily  polarized  plane  wave;  denotes  the 

incident  electric  field  and  J  the  surface  current 
density  induced  on  S. 

Since  the  body  is  a  perfect  electric  conductor,  the 
tangential  component  of  the  total  electric  field  on  S 
must  vanish.  This  leads  to  an  integro-differential  vector 

equation  in  the  unknown  induced  current  density  J . 
The  forcing  term  of  this  equation  is  given  by  the 
tangential  component  of  the  incident  electric  field 

^tang  ’ 

^  47r  ^  R 
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In  (1),  7?~|F“F'|  denotes  the  distance  between  an 
arbitrarily  located  observation  point  F  and  a  source 
point  f’  on  5;  /  -  Rjc  is  the  retarded  time  and  ^  are 
the  permeability  and  permittivity  of  the  medium 
surrounding  the  scatterer,  respectively.  In  order  to 
obtain  a  numerical  solution  of  equation  (1),  a  suitable 

expansion  of  the  unknown  current  J{rJ)  is 
employed.  In  particular,  the  spatial  variation  of  surface 
currents  induced  on  the  body  can  be  accurately 
approximated  by  discretizing  its  surface  into 
triangular  patches  over  which  a  set  of  basis  functions 
can  be  defined.  As  far  as  the  temporal  variation  is 
concerned,  a  time  discretization  scheme  can  be 
assumed,  provided  that  the  time  step  AT\%  properly 
chosen.  Hence,  the  surface  current  distribution  can  be 
numerically  approximated  as 

X  (2) 

y=-c30  71=0 

where  is  the  number  of  edges  of  the  triangles 
which  model  the  scatterer,  excluding  the  boundary 
edges  if  S  is  open.  Each  unknown  coefficient  /„  y 

represents  the  value  of  the  component  of  the  surface 
current  normal  to  the  n-th  edge  at  the  instant  jAT  . 

The  basis  functions  7„(F)  that  have  been  utilized 
are  known  as  "roof-top”  functions  [3];  they  are  defined 
over  each  triangle  pair  that  discretizes  the  body 
surface  (triangular  patch  modeling).  Basis  functions 


Tj(t)  with  a  triangular  shape  have  been  commonly 

used  to  discretize  the  temporal  evolution  [1]. 
However,  in  order  to  guarantee  the  algorithm  stability 
according  to  the  criteria  defined  in  the  next  section, 
different  interpolating  functions  have  been  employed 
here.  Specifically,  pulses  ensuring  quadratic 
approximation  over  temporal  sub-domains  have  been 
used.  In  particular,  the  second  order  polynomial  used 
to  describe  time  evolution  over  each  sub-domain  is  an 
arc  of  the  parabola  passing  through  the  samples  at: 
r  =  (y-l)Ar,  t  =  and  ^  =  (y  +  l)Ar.  The 

result  is  a  continuous  piece-wise  quadratic  function, 
with  a  piece-wise  linear  derivative,  which  is 
discontinuous  at  the  integer  multiples  of  AT ,  except 
when  the  function  to  be  interpolated  is  exactly  linear 
or  quadratic. 

From  (1)  and  (2),  adopting  a  testing  procedure  as 
that  used  in  the  frequency  domain  approach  [3],  the 
following  set  of  equations  is  obtained  at  the  instant 


_c-, 


+  In 

=  -y(^r+Pr)-^tang(^n>0)  ’  «  =  U,-., 


Ne. 

(3) 


In  the  derivation  of  (3),  testing  flmctions  coincide  with 
basis  flmctions  (Galerkin's  method).  Moreover,  the 

vector  potential  A  is  evaluated  at  the  center  of 
each  edge,  while  the  scalar  potential  ^  is  calculated  at 

the  centroid  of  each  triangle  F* .  Finally, 
denotes  the  same  centroid  with  respect  to  the  free 
vertices  of  the  pertinent  triangles,  while  /„  is  the  length 
of  the  edge. 

For  obtaining  a  numerical  implementation  of  (3), 
we  substitute  explicit  free-space  expressions  in  TD  for 
the  vector  and  the  scalar  potential  and  approximate  the 
surface  current  distribution  as  in  (2).  In  particular,  the 
use  of  the  quadratic  interpolating  fimctions  enables  us 
to  evaluate  in  a  closed  form  the  derivatives  with 
respect  to  time  in  (3).  Finally,  a  linear  system  of 
equations  is  obtained  which  relates  the  unknown 
coefficients  /  j  to  the  incident  electric  field.  It  can 

be  expressed  in  matrix  form  as  follows: 


/0  +  l)=  Sz-i  -iW  +  M"’  l  ^'tangO')- 

Jt=0 

(4) 

where  l{j)  is  a  column  vector  with  elements 
representing  the  unknown  coefficients  at  the  instant 
tj ,  £{angO)  vector  containing  the  values  of  the 
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incident  electric  field  at  each  edge  at  the  same  instant. 
The  matrices  M,  F^.  ^^and  B  assume  values 

depending  upon  both  geometrical  and  temporal 
parameters;  however,  they  do  not  explicitly  depend  on 
time.  The  first  term  at  the  right-hand  side  of  (4) 
reveals  the  recursive  nature  of  the  system,  since  the 
coefficients  at  a  fixed  instant  of  time  depend  on  the 
values  assumed  by  the  same  coefficients  at  previous 
instants. 

Extensive  numerical  tests  carried  out  for  various 
geometries  and  discretization  schemes  suggested 
heuristic  expressions  for  a  lower  and  an  upper  limit, 
^^min  ^^max »  ^he  time  step  AT  for  which 
system  stability  is  ensured.  In  particular,  the  above 
limits  were  found  to  depend  on  both  size  and  shape  of 
the  triangular  elements  used  for  space  discretization. 
Both  and  Ar^ax  vary  with  the  size  of  the 

patches  as  well  with  their  quality  factor  [4]  according 
to  a  simple  proportionality  law.  Furthermore, 
^^maxwas  also  seen  to  be  affected  by  the  relative 
positions  of  the  patches.  In  conclusion,  the  stability 
interval  strongly  depends  on  the  geometrical 
discretization  of  the  body.  In  particular,  the  more 
uniform  and  regular  is  the  patch  modeling  of  the 
scatterer,  the  wider  is  likely  to  be  the  set  of  values  of 
AT  leading  to  a  stable  behavior  of  the  algorithm. 
Depending  on  the  scatterer  and  on  the  particular  mesh 
employed,  this  interval  may  sometimes  be  void  so  that 
stability  cannot  be  ensured.  This  frequently  occurs 
when  ^e  body  has  wedges  or  tips.  However,  even  if  a 
stability  interval  does  not  exist,  it  is  convenient  to 
choose  AT  close  to  the  values  and  AT^ax  >  ^ 

order  to  delay  instability  phenomena  as  much  as 
possible.  Further  details  can  be  found  in  [2]. 


3.  EXPERIMENTAL  SET-UP 

The  experiments  have  been  conducted  in  an 
Electromagnetic  Pulse  (EMP)  open-site  hardware 
simulator,  95  m  long  and  28  m  wide,  and  whose  height 
is  19  m.  The  basis  of  the  simulator  is  a  metallic  plane 
while  all  the  supporting  structure  are  made  of  wood 
and  kevlar  for  keeping  the  electromagnetic 
interference  as  low  as  possible.  The  effective  test 

volume  is  a  box  with  a  basis  of  lOmxlOm  and  a  height 
of  6  m. 

A  Marx  type  generator  provides  the  excitation  of 
the  electromagnetic  field;  the  output  voltage  ranges 
from  400kV  to  1.3MV  and  the  pulse  shape  can  be 
modeled  as  a  double  exponential  with  a  rise  time, 
computed  between  10%  and  90%  of  the  maximum 
value,  lower  than  5  nsec. 

The  acquisition  system  is  a  MELOPEE  type  with 
sensors  of  reduced  dimensions  so  that  the  field  under 
measurement  is  perturbed  very  lowly.  Additionally,  the 
sensors  have  a  very  high  dynamic  (they  are  able  to 
measure  electric  field  from  several  mV/m  to  1  MV/m) 


and  wide  band  working  frequencies  (from  several  kHz 
to  more  than  1  GHz). 

Specifically,  the  probes  that  have  been  used  are  the 
ones  with  code  HI 601  and  El 602,  The  former  is  a 
probe  that  is  coupled  to  the  tangential  component  of 
the  magnetic  field  present  on  a  surface,  so  that  a  direct 
measure  of  the  surface  current  density  is  obtained.  It  is 
a  derivative  type  and  it  is  connected  to  an  integrator- 
transmitter  (T1060)  through  a  shielded  coaxial  cable 
0.2  m  long.  The  transmission  between  the  device  under 
test  and  the  control  room  is  made  with  fiber  optic 
cables. 

The  probe  HI 601  allows  the  detection  of  signals 
from  DC  up  to  1.3  GHz.  The  system  H1601-T1060  is 
able  to  measure  surface  current  densities  from 
±2,65Alm  to  ±2.65kAlm  with  a  noise  level  of 
33  niArms/rn. 

The  electric  field  probe  El 602  is  suitable  for  free 
space  measurements.  It  has  small  dimensions  and  is  of 
derivative  kind,  so  that  an  integrator  T1060  must  be 
used  in  conjunction.  The  frequency  band  ranges  from 
150  KHz  to  1.5  GHz,  and  the  sensitivities  of  the 
system  is  from  ±\kV/m  to  ±\MV/m,  The  noise 
level  is  4Vnns/ni. 

It  is  important  to  observe  that  the  overall  frequency 
band  of  ^e  measuring  chain  allows  very  reliable 
measurements  being  assured  a  minimal  interval 
between  200  KHz  and  1.2  GHz.  This  band  is  sufficient 
to  contain  the  99%  of  the  energy  produced  by  a 
Nuclear  Electromagnetic  Pulse  (NEMP). 

In  order  to  compare  the  results  produced  by  the 
measurements  and  the  calculation  performed  with  the 
MoM-TD,  some  canonical  configurations  have  been 
used,  as  for  instance  cubes,  cylinders  either  closed  or 
open  with  some  apertures.  These  scattering  objects 
have  been  placed  at  the  center  of  the  EMP  simulator, 
where  the  incident  EM  field  has  a  plane  wave 
behavior.  However,  due  to  the  extreme  variability  from 
pulse  to  pulse,  the  incident  field  should  be  evaluated  at 
each  measurement.  A  direct  measure  of  the  incident 
plane  wave  is  not  possible  when  the  scattering  body  is 
placed  in  the  test  region,  due  to  the  simultaneous 
presence  of  the  scattering  and  the  incident  fields.  To 
overcome  this  problem  a  statistical  analysis  should  be 
performed,  i.e.,  several  measurements  should  be  made 
with  and  without  the  scattering  object,  the  final 
average  of  the  results  providing  the  measured  incident 
and  scattered  field  to  be  compared  with  theory.  This 
way  is  cumbersome  and,  in  some  cases,  not  reliable. 
An  alternative  procedure  is  proposed  here,  which  is 
based  on  the  definition  of  a  suitable  system  transfer 
fimction.  In  particular,  a  probe  has  been  placed  at  the 
input  section  of  the  transmission  line  constituting  the 
core  of  the  open-site  hardware  simulator,  far  from  the 
location  of  the  scattering  objects,  A  further  probe  has 
been  located  at  the  center  of  the  test  volume,  in  the 
absence  of  any  scattering  object.  The  Fourier 
transform  of  the  ratio  between  the  measurement  of  the 
second  probe  to  the  first  one  has  been  assumed  to  be 
the  system  transfer  function.  At  each  measurement,  in 
the  presence  of  the  scattering  object,  we  retain  the  first 
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probe  recording  the  field  at  input  stage  of  the  hardware 
simulator.  This  signal,  multiplied  by  the  transfer 
function,  is  assumed  to  represent  the  incident  field  for 
that  particular  measurement.  In  this  way,  we  avoid  a 
statistical  treatment  of  the  signals.  Moreover,  we  found 
that  the  transfer  function  can  be  considered  stationary 
with  respect  to  the  typical  evolution  time  of  the 
illuminating  pulse,  resulting  stable  for  some  hours  or 
even  for  a  whole  day,  but  strongly  depending  on  the 
relative  humidity  of  the  environment. 


4.  NUMERICAL  RESULTS 

Samples  of  numerical  results  are  presented  in  this 
section  to  show  the  agreement  between  predicted  and 
measured  results.  In  particular,  two  classes  of  object 
are  considered,  /.e.,  closed  metallic  bodies  and 
metallic  shelters  with  apertures. 

Let  us  first  present  the  results  related  to  closed 
metallic  bodies.  Specifically,  a  metallic  cube  1  m  on  a 
side  has  been  built  and  tested.  The  presence  of  the 
metallic  plane  in  the  EMP  simulator  has  been 
accounted  for  in  the  simulations  by  doubling  the 
dimensions  of  the  objects  with  respect  to  the  ground 
plane  according  to  the  image  theorem.  The  measured 
and  calculated  current  densities  vs,  time  for  the  cube 
are  shown  in  Fig.  1,  when  it  is  illuminated  by  a 
vertically  polarized  plane  wave.  The  probe  location  is 
shown  in  the  same  figure  (point  A).  As  apparent  from 
the  results  presented,  the  agreement  between  measured 
and  computed  results  is  very  good,  confirming  the 
accuracy  of  both  the  measurements  and  simulations. 


Fig.  1  -  Induced  current  density  on  a  PEC  cube  at  the 
location  A.  Continuous  line:  measurements;  dashed 
line:  MoM-TD  simulation. 

The  limits  of  applicability  of  the  simulation  scheme 
illustrated  above  have  been  tested  by  considering  the 
presence  of  apertures  in  the  scattering  objects.  In  this 
case,  among  ^e  various  parameters  which  might  be  of 
interest,  we  quote  the  transmitted  field  inside  the 
objects.  However,  it  is  well  known  that  accurate  results 
for  this  class  of  problems  can  be  accomplished  only  if 
the  magnetic  equivalent  currents  at  the  aperture  are 


considered.  This  has  been  confirmed  in  our 
experiments  performed  on  a  cube  with  an  aperture  in 
one  of  its  metallic  walls.  In  particular,  we  observed 
that  quite  a  good  agreement  exists  between  simulations 
and  measurements  for  what  concerns  the  near  field  and 
the  external  induced  currents,  when  the  aperture  is  not 
small.  Nevertheless,  the  transmitted  field  inside  the 
objects  is  not  properly  evaluated  by  the  EFIE  in  time 
domain.  This  fact  has  been  summarized  in  the  next 
Fig.  2,  where  the  radar  cross  section  normalized  with 
respect  to  the  surface  S  of  the  cube,  has  been 
calculated  and  compared  with  results  obtained  with  a 
MoM  formulation  in  frequency  domain,  which 
accounts  for  the  equivalent  magnetic  currents  on  the 
aperture  [5].  In  particular,  by  considering  apertures  of 
different  dimensions,  it  is  shown  that  the  EFIE 
formulation  provides  very  similar  results  to  those 
obtained  by  the  frequency  domain  MoM  formulation 
with  magnetic  currents,  when  the  ratio  A/a  approaches 
unity. 


Fig.  2  -  R^dar  cross  section  normalized  to  the  side 
surface  as  a  function  of  the  aperture  dimensions. 
Continuous  line:  after  [5];  dashed  line:  MoM-TD 
simulation. 


5.  CONCLUSIONS 

In  this  paper  we  addressed  the  problem  of  transient 
scattering  from  conducting  objects.  A  set  of 
measurements  has  been  performed  in  an  open-site 
EMP  hardware  simulator  and  compared  with  a 
corresponding  set  of  numerical  data  obtained  through 
the  application  of  a  stable  formulation  of  the  MoM  in 
time  domain.  A  specific  measurement  procedure  has 
been  adopted  which  allows  us  to  avoid  a  statistical 
approach  and  reconstruct  the  actual  amplitude  of  the 
electric  field  impinging  on  the  scattering  object.  The 
agreement  between  simulated  and  measured  data 
confirms  the  accuracy  and  effectiveness  of  both  the 
simulation  scheme  and  the  measurement  procedure.  In 
particular,  general  EMC  standard  guidelines  can  be 
derived  for  the  definition  of  stable  and  accurate 
simulation  procedures  in  time  domain.  In  particular, 
we  observe  that  once  the  proposed  MoM-TD  simulator 


824 


has  been  validated  with  respect  to  a  set  of  significant 
application  issues,  it  may  represent  a  valid  alternative 
to  measurements  for  verifying  the  compliance  of 
specific  requirements  on  the  electromagnetic  field 
distribution  in  complex  environments. 
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ABSTRACT 

The  ever  increasing  sophistication, 
miniaturisation  and  the  more  recent  introduction  and 
dependence  on  "  digital  electronics  ”,  using  low  power 
semiconductor  devices  and  commercial  off  the  shelf 
(COTS)  components,  raise  the  problem  of  weapon 
system  reliability  against  impulsive  electromagnetic 
stresses,  generated  either  naturally  or  artificially  for 
offensive  purposes.  Currently,  the  transients  regarded  as 
having  the  highest  damage  capability  are  from  nuclear 
and  lightning  electromagnetic  pulses  (EMP). 

The  threats  mentioned  above  are  the  same  for  civilian 
equipment  and  systems  and  the  concept  of  protection  is 
common.  Nevertheless,  there  are  many  international, 
national,  civilian  and  military  standards  to  protect 
equipment  or  systems. 

A  survey  of  the  application  of  civilian  and  military 
standards  for  transient  electromagnetic  field  protection 
tests,  measurements  and  studies,  using  the  EMP  test 
facilities  at  CISAM  (Centro  Interforze  Studi 
Applicazioni  Militari),  is  the  subject  of  the  present 
article  along  with  the  necessity  for  a  unified  approach  to 
the  EMP  protection. 

1.  INTRODUCTION 

CISAM  is  a  military  centre  that,  among  other 
tasks,  conduct  studies,  analyses  and  verifications 
directed  towards  the  protection  of  military  electronic 
systems  against  both  nuclear  and  lightning  threats;  this  is 
also  true  for  ESD  (Electrostatic  Discharge)  problems. 


CISAM  is  also  involved  in  a  NATO  effort  to  establish  a 
unified  protection  against  all  electromagnetic 
environmental  effects  (E3),  in  order  to  avoid: 

•  the  lack  of  a  central  NATO  focus  to  co-ordinate 
a  joint  E3  initiative  along  with  E3  protection 
terminology,  standards  and  test  methods; 

•  the  indiscriminate  proliferation  of  standards; 

•  conflicting  and  redundant  standards  and 
specifications  [1]. 

For  the  reasons  mentioned  above  and  in  the  aim  of 
investigation  in  the  electromagnetic  field,  the  tests  and 
measurements  performed  at  CISAM  EMP  facilities  are 
related  not  only  with  the  check  for  the  fulfilment  of  the 
systems  EMP  hardening  requirement,  but  they  are  also 
useful  to  investigate  the  behaviour  of  the  systems 
tested,  in  terms  of  susceptibility,  and  for  studies  and 
applications  of  the  results  in  militaiy,  civilian  and 
industrial  topics, 

2.  EMP  TEST  FACILITIES 

The  EMP  test  facilities  available  at  CISAM 
allow  development,  qualification  and  acceptable  test  in 
accordance  with  some  civilian  and  military  standards. 
The  facilities  are  the  result  of  a  co-operation  between 
MOD  (Military  Of  Defence)  personnel  and  national 
and  international  industries. 

The  type  and  the  main  features  of  the  test  facilities  are 
listed  below. 
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EMP  SIMULATOR 


Detection  and  transmission  system 


Name:  INSIEME 


Melopee  1000  by  Thomson-CSF: 

=>  jfree  field  and  ground  plane  electric  and 
magnetic  sensors 
=>  current  probes 
=>  optical  data  links 

Acquisition  system 

Six  digitizing  oscilloscopes  for  simultaneous 
acquisition  of  them: 

2  are  used  for  measurement  channels  at  the 
Sample  Rate  of  1  Gs/s 

=>  4  are  used  for  measurement  channels  at  the 
Sample  Rate  of  2  Gs/s 

Measurements 


Length:  96  m 

Lenght: 

15  m 

Width:  28  m 

Width: 

14  m 

Height:  19  m 

Height: 

06  m 

Description  and  type  of  the  facility 


A  transmission  line  simulator  (  vertically  polarized 
guided  wave  with  conical  longitudinal  cross  section  ). 

A  high  voltage  pulse  generator  (  Marx  generator)  is 
connected  at  one  hand,  a  terminating  resistor  at  the 
other  hand. 

Both  the  generator  and  the  termination  are  matched  to 
the  impedance  of  the  transmission  line  structure  to 
avoid  reflections  (the  impedance  of  the  line,  generator 
and  load  is  lOOQ). 

Technical  performance  data 


Pulse  waveshape:  double 
Pulse  polarity: 
Repetition  capability: 
Electric  field  peak 
Value  (Ep): 

Rise  time  (10%-90% 
of  Ep,  xr): 

FWHM: 

Overall  duration  (10% 
of  Ep,  xd): 

Field  polarization: 


luble  exponential 

positive  or  negative 
y:  1  pulse  per  minute 

from  50  to  lOOKV/m 

<5  ns 

200  ns  ±  10% 

)% 

600  ns  ±  10% 
vertical 

Instrumentation 


Control  and  computing  system 

Personal  computer  Pentium 
Software  Femto_V3  by  Thomson-CSF 
Color  printer 
Scanner 


NEMP  test  according  to  the  following  standards: 

=>  AEP-4  ed.  1986 

=>  FINABEL  2.C.10,  Chapter  V,  Section  53 
=>MIL-STD  461C461D 

Due  to  the  phenomenology  stemming  from  it,  the  EMP 
range  affords  very  limited  test  time. 

Normally,  a  NEMP  test  doesn’t  go  beyond  one  working 
day.  However,  setting  up,  calibration  of  range  and 
instruments  pertaining  to  the  test  unit,  the  drawing  up 
of  test  and  report  procedures  may  take  from  10  to  15 
working  days. 


NEMP-LEMP  INJECTION 
CURRENT  SYSTEM 


The  system  is  designed  and  manufactured  to  generate 
biexponential  pulsed  signals  for  lightning  and/or 
nuclear  EMP  simulation  in  single  stroke  test. 

It  is  featuring  a  cabinet  including  several  plug-in 
drawers,  each  drawer  corresponding  to  a  definite  type 
of  wave. 

The  output  level  is  continuosly  adjustable  from  0  to 
Umax  or  to  Imax.  The  output  accepts  any  type  of  load: 
from  open  circuit  to  short  circuit. 
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Technical  performance  data 


Load  impedances: 
Minimum  lifetime: 
Triggering: 

Power  supply: 


0  to  00  Ohm 
500.000  pulses 
Manual 

220V±10%,  50/60HZ 


Measurement 

BSD  test  according  to  the  following  standards: 

=>  MIL-STD  883  C 
=:>  STANAG  4239 

=:>  lEC  801-2  (  CENELEC  EN  61000-4-2  ) 

These  ESD  tests  have  variable  duration:  from  2  to  4 
working  days. 


Measurements 

NEMP-LEMP  INJECTION  CURRENT  TEST 
according  to  the  following  standards: 

=>  FINABEL  2.C.10,  Chapter  V,  Section  53 
=>  EFA-EMC  ”  Specification  for  equipment " 
SPE-J-OOO-E-IOOO  ed.  1991,  test  LEMP 
-EFAlandLEMP-EFA2. 

These  current  injection  tests  have  variable  duration: 
from  2  to  5  working  days. 


ESD  TEST  SYSTEM 


The  system  is  housed  in  two  basic,  interconnected 
units:  the  ESD-1  Discharger  (or  gun),  which  may  be 
either  hand-held  or  tripod  mounted,  and  its  associated 
Power-Supply  Control  Unit  PSC-1 , 

The  ESD-1  Discharger  is  made  up  of  the  basic  handle, 
polarity  switch,  high  voltage  set  knob  and  digital 
display.  The  unit  PSC-1  includes  selectors  for 
repetition  rate,  charging  rate  and  burst/normal  modes. 
Interchangeable  Discharge  Networks,  Current  Injection 
Adapters  and  Tips,  all  plug  directly  into  the 
Discharger’s  barrel. 

Technical  performance  data 

Voltage  range:  1  to  25  KV  with  ball 

tip 

Polarity:  selectable  (+  or  -) 

Operating  mode:  Single  shot  and 

Repetitive 

Repetition  rates:  1  shot  per  0.05, 1,  3 

10  s 


3.  A  SURVEY  OF  THE  MEASUREMENTS 
PERFORMED 

In  order  to  test  the  NEMP  hardening  of  military 
systems  and  the  effectiveness  of  the  protection  devices 
for  equipment  and  systems,  several  objects  have  been 
tested,  using  the  NEMP  simulator  INSIEME,  according 
to  the  standards  mentioned  above. 

Electro  explosive  devices  (  EED  ),  Back  up  Power 
Systems,  Command,  Control,  Communications  and 
Information  systems  (C3I)  are  only  a  set  of  the  objects 
tested  and  the  activity  developed  can  be  considered  as  a 
matter  of  routine. 

The  employment  of  the  Simulator  for  studies  deserves  a 
special  mention;  in  the  framework  of  a  joint  research 
program  with  CISAM,  CESI 

(  Centro  Elettrotecnico  Sperimentale  Italiano  )  and 
ENEL  (  Ente  Nazionale  Energia  Elettrica  ),  based  on 
the  use  of  military  facilities  for  further  imderstanding  of 
typical  civilian-industrial  topics  like  the  generation  and 
propagation  of  induced  overvoltages  on  power  lines 
due  to  lightning,  a  feasibility  study  has  been  developed 
to  verify  the  capability  of  the  NEMP  Simulator  to 
illuminate  an  entire  wing  span  of  a  MV  power 
transmission  line. 

The  possibility  to  install  an  effective  MV  power 
transmission  line  in  the  NEMP  Simulator  has  been 
successfully  assessed  [2]. 

Although  die  frequency  spectrum  of  the  NEMP  (up  to 
100  MHz)  is  quite  different  from  the  Lightning  one  (up 
to  1  MHz  in  the  literature),  nevertheless,  the  higher 
spectrum  content  of  the  NEMP  has  allowed  to  study  the 
coupling  and  the  propagation  phenomena  of  the 
induced  overvoltages  using  a  scale  model  of  a  power 
transmission  line. 

The  NEMP-LEMP  lightning  injection  system  has  been 
used  to  test  the  NEMP-LEMP  protection  of  the  systems 
by  the  current  direct  injection  method. 

The  NEMP  tests  have  been  performed  for  C3I  systems. 
The  LEMP  EFA  -1  (slow  pulse)  and  LEMP  EFA-2 
(fast  pulse)  tests  [3,4]  have  been  performed  on  an 
hydraulic  pressure  switch,  installed  on  board  the  EFA 
2000  (Euro  Fighter  Aircraft),  to  verify  that  lightning 
induced  signals  on  power  and  signal  lines  will  not 
cause  degradation  of  performance  or  malfunction,  for 
the  object  under  test,  in  accordance  with  the  specified 
requirements. 
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The  shielding  effectiveness  of  advanced  composite 
materials  (ACM)  panels,  made  of  fiber  composites  and 
used  in  the  aircraft  industry,  have  been  investigated  by 
means  of  the  NEMP-LEMP  injection  system  and  the 
detection,  transmission  and  data  acquisition  system  of 
the  NEMP  simulator.  The  first  system  has  been  used  to 
generate  the  stimulus,  applied  to  the  only  face  (made  of 
fiber  composites)  of  a  metallic  (aluminium)  cube 
(dimensions  Im  x  Im  x  Im),  in  accordance  with  the 
LEMP  standards  mentioned  above,  whereas  the  second 
one,  due  to  its  high  sensitivity,  accuracy  and 
miniaturisation  of  the  sensors  employed,  has  allowed  to 
detect  the  strength  of  the  electromagnetic  field  inside 
the  cube. 

The  ESD  effects  on  a  device  or  on  a  system  can  be 
predicted  and  investigate  through  the  use  of  both 
numerical  simulation  and  experimental  measurements. 
The  efficiency  of  equipotential  and  grounding  systems 
with  respect  to  an  electrostatic  discharge  has  been 
investigated  from  an  experimental  point  of  view  by 
carrying  out  measurements  for  the  conducted 
interferences  in  metallic  objects  connected  to  ground 
and  stroked  by  ESD;  then,  experimental  measurements 
have  been  used  to  validate  a  numerical  procedure  made 
with  the  use  of  Finite-Difference  m  Time  Domain 
(FDTD)  algorithms. 

Due  to  the  relevance  of  topic,  related  to  the  health  of 
the  personnel  performing  ESD  tests  with  high  level 
discharge  voltages  (15,  20,  25  kV),  measurements  have 
been  carried  out  to  detect  the  level  of  the 
electromagnetic  field,  that  arises  from  this  type  of  test, 
by  means  the  ESD  test  system  and  the  detection, 
transmission  and  data  acquisition  system  of  the  NEMP 
simulator.  The  results  will  be  the  topics  of  a  next 
article. 

4.  CONCLUSIONS 

Several  tests,  performed  by  means  of  the  EMP  test 
facilities  and  in  accordance  with  a  set  of  civilian  and 
military  standards,  have  been  shown  in  this  article,  as 


well  as  the  efforts  to  unify  the  results,  obtained  for 
military  and  civilian  applications,  for  a  good 
comprehension  of  the  phenomena  and  the  best  solutions 
of  the  related  topics. 

Due  to  the  relevance  of  the  subjects  and  the  experience 
in  the  field,  a  further  investigation  will  be  performed  in 
the  aim  of  a  unified  protection  against  electromagnetic 
environmental  effects. 
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The  paper  herein  presents  alternative  methods  for 
radiated  emission  measurements  for  various  devices. 
Several  of  the  various  measurement  methods  have  been 
reviewed  paying  special  attention  to  the  measurement 
setups  using  loop  antennas.  A  method  for  expanding  the 
measurement  functionality  of  the  test  setup  for  higher 
frequencies  has  also  been  shown. 

1.  Introduction 

The  effectiveness  and  reliability  of  telecommunication 
systems  is  nowadays  a  decisive  factor  for  the 
functioning  and  development  of  the  national  economy. 
This  to  a  large  extent  depends  on  the  immunity  to 
electromagnetic  fields  (both  continuous  and  impulse- 
type)  as  well  as  the  level  of  interference  present  within 
the  telecommunication  or  IT  systems  environment.  The 
problems  related  to  establishing  the  level  of  interference 
radiated  by  the  devices,  systems  and  installations  is 
important  not  only  for  electromagnetic  compatibility, 
but  also  because  of  the  frequent  need  to  maintain 
a  certain  secrecy  of  the  transmitted  or  processed 
information.  There  are  devices  available  today  that 
allow  for  such  data  to  be  retrieved  based  on  spurious 
radiated  electromagnetic  fields.  This  is  the  main  reason 
why  highly  developed  countries  pay  so  much  attention 
to  emission  research.  The  emission  requirements  are 
nowadays  considered  as  basic  parameters,  like  the 
mechanical  and  environmental  requirements  for  various 
devices  -  especially  in  the  field  of  telecommunications 
and  IT. 

The  measurement  of  the  radiated  interference  boils  down 
to  defining  the  strength  of  the  electromagnetic  field  in 
the  direction  of  maximum  radiation.  Most  of  the 
standards  recommend  the  Open  Area  Test  Site  (OATS) 
measurements  or  the  use  of  a  semi-anechoic  chamber. 
The  availability  of  OATS  is  somewhat  limited 

considering  the  environmental  conditions  and  the  level 
of  naturally  occurring  electromagnetic  interference. 

This  inconvenience  can  be  alleviated  using 

measurements  in  the  semi-anechoic  chamber.  However, 


the  costs  of  building  such  a  chamber  of  adequate  size  are 
very  high.  Taking  this  into  account,  within  the  last  ten 
years  there  has  been  an  evident  heightened  interest  in 
alternative  radiated  emission  measurement  methods. 

The  alternative  methods  rely  on  measuring  the 
parameters  of  the  interference  generating  sources  instead 
of  measuring  the  strength  of  actual  radiated 
electromagnetic  field.  Of  course,  the  measurement  of 
these  parameters  is  not  simple.  For  certain  types  of 
objects,  especially  small  ones  in  comparison  to  the 
wavelength  of  the  radiated  field,  this  is  however 
currently  not  a  problem.  There  are  several  known 
alternative  methods  for  measurements  of  radiated 
electromagnetic  fields:  a  method  using  three  frame 
antennas  [10][12],  a  method  using  the  TEM  cell  [2],  and 
a  method  using  the  GTEM  cell  [4].  First  we  will  pay 
special  attention  to  the  method  using  three  frame 
antennas. 

Based  on  the  works  of  Ma,  Koepke,  Hansen  and  Wilson 
it  is  clearly  evident  that  the  source  of  interference  (the 
device  under  test  -  DUT)  can  be  simulated  by  equivalent 
dipoles:  an  electric  one  with  the  moment  (p),  a 

magnetic  one  with  the  moment  {m)  and  a  quadrupole 
with  the  moment  {q). 

If  the  dimensions  of  the  DUT  are  less  then  the  minimum 
wavelength  of  the  radiated  electromagnetic  field,  then  in 
order  to  properly  determine  the  value  of  the  vector 
potential  characterising  the  radiating  object,  it  is 
necessary  to  consider  the  moments  of  the  equivalent 
dipoles:  the  electric  and  magnetic  ones  [2][4].  Thus: 

“  S’  ■  ^  ^ S'  ~ 

(1) 

The  total  vector  potential  at  the  observation  point  caused 
by  the  radiation  from  the  tested  object  consists  of  the 
superposition  of  the  vector  potential  from  the  equivalent 
electric  dipole 

- P  (2) 
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and  the  equivalent  magnetic  dipole 
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Knowing  the  moments  of  the  equivalent  electric  and 
magnetic  dipoles,  it  is  possible  to  calculate  the  field 
radiated  by  the  DUT  equivalent  to  open  area  test  site 
conditions.  This  case  is  relative  to  when  the  device  under 
test  is  placed  above  a  conductive  surface,  thus  the 
radiated  field  is  not  just  the  superposition  of  the 
equivalent  electric  and  magnetic  dipoles,  but  also  of 
their  mirror  reflections  [4].  The  electric  field  strength  is 
described  by  following  relation: 
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in  which  is  the  distance  of  the  observation  point  to  the 
device  under  test 

'  ^  (7) 


and  where  r2  is  the  distance  of  the  observation  point  to 
the  mirror  reflection  of  the  DUT 

Tj  =  +(z-hy  .  (8) 

We  would  like  to  remind  that  the  mirror  reflection  of  the 
equivalent  electric  dipole  with  the  moment  (p)  having 


the  components  ( Py ,  )  is  a  dipole  with  a  moment 

(p')  having  the  components  (-Px~Py^Pz)^  On  the 

other  hand  the  mirror  reflection  of  the  equivalent 
magnetic  dipole  with  the  moment  ( m )  with  the 
components  (m^,my,m^)  is  a  dipole  with  a  moment 

( m' )  with  the  components  ( ). 


2.  Measurements  Methods 
2.1.  The  TEM  Cell  Method 

The  first  alternative  electromagnetic  field  radiation 
measurement  method  has  been  elaborated  for  the 
Craford  type  TEM  cell  (fig.  1).  The  main  part  of  this 
setup  is  the  TEM  cell  -  being  a  rectangular  section  of  a 


transmission  line  with  matching  transformers  at  both 
ends  for  matching  the  wave  impedance  of  the  line  to  the 
load  impedance.  The  internal  conductor  -  septum  -  is  a 
wide  metal  plate  allowing  for  a  homogenous  electric 
field  to  be  achieved  within  the  working  volume,  that  is 
where  the  device  under  test  is  placed. 


As  one  can  see,  this  cell  forms  is  a  broadband  converter 
with  a  linear  amplitude/phase  characteristic,  converting 
electromagnetic  fields  into  radio-frequency  voltages  or 
vice-versa.  The  key  advantage  of  this  cell  is  the  total 
isolation  of  the  tested  object  from  external 
electromagnetic  fields.  It  has  to  be  considered  however, 
that  placing  any  tested  object  inside  the  TEM  cell 
changes  the  parameters  of  the  cell  as  well  as  of  the  tested 
device  itself.  Wilson  and  Change  have  theoretically 
resolved  this  problem  [1]  for  a  rectangular  coaxial  line. 
There  have  also  been  many  experimental  tests  for 
various  types  of  antenna  inside  a  TEM  cell.  In  the 
publication  [2]  of  Sreenivasiah,  Chang,  Koepke  and  Ma, 
they  presented  a  method  of  replacing  an  electrically 
small  object  inside  the  cell  with  a  system  of  three 
orthogonal  magnetic  dipole  moments  and  three 
orthogonal  electric  dipole  moments.  The  parameters  of 
these  dipoles  (amplitudes  and  phases)  are  calculated 
based  on  the  power  measurements  at  both  ports  of  the 
cell,  for  six  positions  of  the  DUT  within  the  working 
volume  of  the  TEM  cell  (fig.  2). 

During  the  measurements  the  DUT  is  placed  inside  the 
TEM  cell,  with  its  centre  being  at  the  point  of  the  centre 
of  the  working  volume  of  the  cell  and  having  its  ( x' ) 
axis  parallel  to  the  (x)  axis  of  the  cell,  the  ( y  )  axis  in 

line  with  the  (y)  axis  of  the  cell  and  the  ( z' )  axis  in  line 
with  the  (z)  axis  of  the  cell.  The  first  two  positions  of  the 
tested  object  are  achieved  by  rotating  it  around  an  axis 
parallel  to  the  (z)  axis  of  the  cell  and  going  through  the 
centre  of  the  DUT  at  angles  of  n/4  and  37t/4.  For  both  of 
these  positions  a  measurement  is  made  of  the  voltage 
sums  and  differences  occurring  at  the  matched  loads.  By 
analogy  the  measurements  for  the  next  orthogonal 
positions  of  the  tested  object  are  made.  It  is  very 
important  to  keep  the  centre  of  the  tested  object  in  one 
fixed  point  throughout  the  tests. 
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Fig.  2.  DUT’s  positions  in  the  working  volume  of  a 
TEM  cell 


Based  on  the  measured  values  of  the  sums  and 
differences  at  the  input  and  output  of  the  cell  we  can 
determine  the  amplitude  and  phase  of  the  electric  dipole 
moments: 


small  frame  antenna  has  been  placed  in  the  TEM  cell. 
The  magnetic  dipole  moment  has  been  calculated 
theoretically  and  based  on  the  measurements  conducted 
in  the  TEM  cell.  The  accuracy  of  the  obtained  results 
was  3%.  A  detailed  analysis  of  the  measurement  errors 
has  been  presented  by  Ma  [3]. 

There  is  a  technical  inconvenience  to  applying  the  TEM 
cell  because  of  limitations  for  higher  measurement 
frequencies.  This  limitation  arises  to  the  limited  cross¬ 
width  of  the  cell.  A  TEM  cell  for  1  GHz  has  a  very  small 
measurement  area  (<7.5  cm),  thus  only  very  small 
devices  can  be  tested.  It  has  been  proposed  that  in  order 
to  increase  the  cells  operating  frequency  above  the 
borderline  values  it  should  be  partially  filled  with  an 
absorbent  material.  This  cannot  be  done,  as  one  of  the 
presumptions  made  for  the  purpose  of  calculations 
would  become  invalid:  i.e.  the  chamber  surface  integral 
will  not  be  zero.  It  will  also  be  impossible  to  work  out  a 
relation  tying  the  cell  input  signal  power  with  the  source 
parameters  of  the  device  under  test  -  the  electric  and 
magnetic  dipole  moments. 


pI  =  (P.  +  Pn  -  P„  -  P.  +  P.S  +  P.  Ws^  )  .  (9) 

Pl-iP.+P.  +^.3  +P., -P.S -P.Ws^)  .  (10) 

Pe  =  (-  P.  -  P.2  +  P.2  +  P..  +  P.2  +  P.2W^"  )  .  (11) 

COS(^^  -<>„,)  =  (P„ -PM^S^P.Py)  .  (12) 

cos(^„  -^,. )  =  {P.2  -  P..  )iWp,P.  )  .  (13) 

cos(^,  =  {P.,  - pM^s'p.pJ)  (14) 

as  well  as  the  magnetic  ones: 

<  =  (p„  +  p,^  -  P.3  -  P..  +  P.5  +  P.e )/(2fc ^s^),  (15) 

=  (P..  +  P.3  +  P.3  +  P.4  -  P.5  -  P.  .  (16) 

m]  =(-P.,  -P.3  +p.,  -P..  +P.5  +Pjl[2es^)  ,  (17) 
cos(</>^  )  =  (P.,  -  P.j  )/(2j'm,m, )  ,  (18) 

cos(^„,  )  =  (P.3  - P..  )  ,  (19) 

cos(0„  =  (P.5  -P.e)/(2^^/«,mJ  .  (20) 

The  P,,.  and  (where  i  =  1..6)  presented  in  the  shown 
relations  are  the  appropriate  sums  and  differences  of  the 
measured  power  of  signals  for  the  six  positions  of  the 
tested  object  within  the  working  measurement  volume  of 
the  cell.  On  the  other  hand  (j)  is  the  value  of  the  electric 
field  strength  at  the  point  of  the  DUT,  equivalent  to  a 
cell  input  signal  of  1  W.  The  value  of  normalising  field 
strength  can  be  elaborated  through  measurements  or 
through  a  numerical  simulation  taking  into  account  the 
following  condition: 

=  (21) 

S 

where:  S  is  the  cross-section  of  the  cell,  and  where  S^n  is 
the  Kronecer  delta: 

o  fO  [^]>  whenm^itn, 

1  (22) 
\l[Wl  whenm  =  n. 

In  order  to  verify  the  elaborated  theory,  an  electrically 


2.2.  The  GTEM  Cell  Method 
Considering  the  above-mentioned  limitations  of  the 
TEM  cell,  a  GTEM  cell  (fig.  3)  is  used  for  emission 
measurements  of  electrically  small  devices.  The  GTEM 
cell  allows  the  use  of  alternative  measurement  methods 
for  a  much  wider  frequency  range  then  the  TEM  cell.  It 
is  also  an  entirely  shielded  structure  conducting  a  TEM 
wave  between  two  conductors,  thus  it  does  not  radiate  an 
external  field  and  it  is  not  influenced  by  external 
interference.  The  input  module  is  an  exchangeable 
module,  thus  not  only  an  EMI  receiver,  spectrum 
analyser  or  a  signal  generator  can  be  connected  to  it,  but 
a  high  voltage  pulse  generator  as  well.  Considering  this, 
the  GTEM  cell  can  be  used  for  both  emission  tests  as 
well  as  for  the  susceptibility  of  the  devices  to  continuos 
and  pulse  electromagnetic  fields.  The  broadband 
frequency  measurements  are  possible  due  to  a  special 
construction  of  the  cell’s  load.  For  low  frequencies,  the 
cell’s  load  consists  of  distributed  resistance  loads,  whilst 
for  higher  frequencies  there  are  special  graphite 
absorbers  placed  at  the  back  wall  of  the  cell,  which 
absorb  the  electromagnetic  energy. 


Fig.  3.  Example  of  the  emission  testing  set-up  equipped 


with  a  GTEM  cell 
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Similar  to  the  TEM  cell,  an  alternative  method  of 
elaborating  the  emissions  of  electronic  and  electrical 
devices  has  been  prepared  for  the  GTEM  cell,  based  on 
the  determined  parameters  of  the  radiation  source.  The 
substitute  model  determined  through  measurements 
consists  of  three  orthogonal  electric  dipoles,  three 
orthogonal  magnetic  dipoles  and  a  quadrupole.  Because 
of  the  construction  of  the  GTEM  cell,  an  additional 
simplification  presumption  has  to  be  made  as  opposed  to 
the  TEM  cell.  The  difference  is  that  the  GTEM  cell  has 
one  input  only,  thus  it  is  not  possible  to  determine  the 
phase  difference  between  the  dipoles.  It  has  been 
presumed  thus  that  the  phase  of  all  dipole  moments  is 
zero. 

The  proposed  method  [4] [5]  allows  for  the  equivalent 
electric  and  magnetic  dipole  moments  to  be  determined 
for  the  DUT  based  on  power  measurements  at  the  input 
of  the  GTEM  cell  for  twelve  different  positions  of  the 
device  under  test  in  the  cell’s  working  volume.  The 
placement  of  the  DUT  within  the  working  volume  has 
been  chosen  appropriately,  such  that  each  component  of 
the  dipole  moment  is  strongly  coupled  to  the  vertical 
component  of  the  electric  field  and  the  horizontal 
component  of  the  magnetic  field  in  the  GTEM  cell.  The 
above  is  achieved  for  three  orthogonal  placements  of  the 
tested  object  within  the  cell’s  working  volume 
(placements:  xx’,  xy’,  xz’-  fig.  4).  For  each  of  these 
placements  the  tested  object  has  to  be  additionally 
rotated  around  its  vertical  axis  by  an  angle  of  7i/4,  n/l 
and  371/4. 


Fig.  4.  Basic  DUT  positions  in  the  working  volume  of  a 
GTEM  cell 


Based  on  the  voltage  measurements  at  the  input  of  the 
GTEM  cell  the  magnetic  dipole  moment  components  can 
be  determined  [4]: 
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(23) 
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(24) 


ftl  ’  ^  ^  , 

(25) 

as  well  as  the  electric  dipole  moment: 

P.'  =  - koinl.  klm].  , 

(26) 

(27) 

P,‘  =  4/ -  klm].  klm]. 

(28) 

The  M  variables  are  proportional  to  the 

modules  of 

normalising  power  measured  at  the  input  of  the  GTEM 
cell  for  the  predetermined  positions  of  the  device  under 
test.  For  the  xx*  placement  (the  x*  axis  of  the  device 
under  test  is  parallel  to  the  x  axis  of  the  GTEM  cell)  we 

have  the  following  [4]: 

M,„.=|^(0)|^„ 

(29) 

(30) 

A^3.-=^1W)L.-|W4)L,].  (31) 


Additional  methods  have  also  been  elaborated,  in  order 
to  allow  the  determination  of  the  equivalent  dipole 
moments  based  on  measurements  from  nine  [6]  and 
seven  [7]  positions  of  the  device  under  test  in  the 
working  volume  of  the  GTEM  cell. 

In  many  practical  applications,  the  knowledge  of  the  full 
radiation  characteristics  is  not  necessary.  For 
precomplience  emission  tests  the  most  crucial 
information  is  the  total  power  radiated  by  the  device 
under  test,  based  on  which  it  is  possible  to  calculate  the 
maximum  component  of  strengths  (horizontal  and 
vertical)  of  the  electric  field  for  any  point  surrounding 
the  DUT.  For  this  case,  we  assume  a  half-wave  dipole 
radiating  the  same  power  as  an  equivalent  model  of  the 
device  under  test.  The  following  relation  describes  the 
total  power  radiated  by  the  DUT: 


(32) 


The  electric  field  strength  calculations  can  be  conducted 
for  both  models  in  free  space  as  well  as  ones  above  a 
conductive  plane.  In  order  to  determine  the  total  power 
radiated  by  the  device  under  test,  it  is  necessary  to 
measure  the  voltage  at  the  GTEM  cell  input  for  just  three 
basic  positions  of  the  DUT  within  the  cell  (fig.  4).  The 
relations  necessary  to  perform  these  calculations  can  be 
found  for  example  in  [8]. 

If  the  electric  field  strengths  calculated  using  this  method 
in  reference  to  an  open  area  test  site  (OATS)  are  below 
the  allowable  levels,  it  can  be  stated  that  the  device 
complies  with  the  relevant  standards.  However,  if  the 
calculated  values  are  above  the  values  stated  in  the 
standards,  then  the  measurements  shall  be  repeated  for 
all  twelve  positions  of  the  DUT  within  the  working 
volume.  Only  after  this  it  will  be  possible  to  state  if  the 
DUT  conforms  to  the  requirements. 

The  literature  presents  numerous  examples  verifying  the 
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presented  methods,  proving  a  high  consistence  of  the 
obtained  results  to  the  measurements  at  the  OATS,  The 
authors  of  this  paper  have  also  conducted  such  a 
verification  using  a  spherical  radiation  source  KSQ 
manufactured  by  MEB  Schaffner  Berlin  as  the  device 
under  test,  having  the  dimensions  of  11cm  x  11  cm  x  11 
cm.  Calculated  values  of  electric  field  strength  for  3  and 
12  positions  in  a  GTEM  and  measured  in  an  OATS  has 
been  presented  in  figure  5. 


Fig.  5.  Comparison  of  the  measured  electric  field 
strength  (for  a  spherical  radiation  source  KSQ) 
obtained  using  a  GTEM-aided  setup  and  in  an  OATS 


2.3.  THE  Three  Loop  Antennas  Method 

A  setup  with  an  array  of  three  double-loaded 
loop  antennas  arranged  orthogonally  to  each  other 
(fig.  6)  also  allows  the  equivalent  electric  and  magnetic 
dipole  moments  to  be  determined  based  on  the  current 
flows  of  the  antenna  loads.  The  first  concept  for  such  a 
system  has  been  presented  in  [9],  which  has  been  further 
evolved  by  Kanda  [10][11]  and  the  authors  of  this  paper 
[12]. 


Fig.  6.  Example  of  a  set-up  using  an  array  of  three 
double-loaded  loop  antennas  arranged  orthogonally 
to  each  other  to  enable  alternative  measurement  of 
the  radiated  electromagnetic  field 

A  theoretical  analysis  has  shown,  that  for  an  electrically 
small  device  placed  in  the  centre  of  this  setup,  the  sum  of 
the  currents  {ls-I(0)-^l(n)),  flowing  through  the  loads  of 
each  antenna,  depends  only  on  the  magnetic  dipole 
moment  normal  component  (perpendicular)  to  the 


surface  of  this  antenna.  On  the  other  hand,  the  current 
difference  flowing  through  the  loads  of 

each  of  the  antennas,  depends  on  the  electric  dipole 
moment  component  tangent  to  the  antenna  surface  and 
perpendicular  to  the  line  between  its  loads. 

Knowing  the  sums  and  differences  of  the  currents 
flowing  through  the  loads  of  each  of  the  antennas  it  is 
possible  to  determine  the  values  of  the  equivalent  dipole 
moments.  For  an  antenna  placed  in  the  XY  plane,  the 
appropriate  relations  published  by  Kanda  in  [10]  are  as 
follows: 


/,[i+2y„z,]  ^  ^ 


(33) 


p. 


/,[i+2y,z,]^^  ^ 
Anbg,Y,  " 


(34) 


where:  and  T,  is  the  respective  admittance  for  the 

magnetic  and  electric  fields,  Z/  is  the  resistance  value  of 
the  load,  and  and  gm  are  the  electric  field  components 
tangent  to  the  surface  of  the  loop  antenna: 
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The  presumption  made  for  these  relations,  limiting  the 
number  of  a(n)  coefficients  depending  on  the  admittance 
of  the  antennas,  limits  the  applicability  of  this  method  to 
a  frequency  range  of  just  a  few  tenths  MHz.  The  above 
mentioned  limitation  causes  discrepancies  between  the 
theoretical  calculations  and  actual  measurement  results. 
This  has  been  confirmed  by  test  results  presented  by 
Kanda  in  1999  during  the  EMC  Symposium  [13]. 

The  article  [12]  has  also  shown  that  when  determining 
the  transition  function  tying  the  sums  and  differences  of 
current  to  the  appropriate  dipole  moments,  the  number 
of  a(n)  coefficients  shall  not  be  limited  in  the  relations 
describing  the  admittance  Yq  and  Yj.  The  minimal 
number  of  these  coefficients  depends  on  the  radius  of  the 
loop  antenna  and  the  frequency  range: 

n>k-b.  (37) 

Taking  into  account  the  above  facts,  the  relations  look  as 
follows  [12]: 


^  _j-7i  g  aiO)-I,  {l  +  2  Y,  Z,)_^  ^  ^ 
An-bg^  * 


(38) 


jKCa{\)-I,-ix  +  2Y,zY) 

(39) 
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In  order  to  prove  that  these  relations  are  true  for  higher 
frequencies,  the  transfer  functions  Fg  and  have  been 
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calculated  numerically  (using  the  moment  method  -  the 
NEC  program)  for  a  few  double  loaded  loop  antenna 
models.  The  results  of  the  above  calculations  have  been 
compared  to  the  values  calculated  based  on  the  relations 
(38)  and  (39).  A  transfer  function  has  also  been 
established  for  the  Yq  and  Yj  admittance,  determined 
only  based  on  the  a(0)  and  a(})  coefficients  (the  Kanda 
assumption).  A  sample  comparison  of  the  results  for  1  m 
and  2  m  radius  loop  (the  conductor  radius  a=0.0075  m. 
and  load  impedance  Zp  100£2)  antennas  have  been 
presented  in  figures  from  7  to  10. 

Using  a  test  setup  with  three  double-loaded  loop 
antennas  allows  for  the  elimination  of  the  basic 
inconveniences  present  during  the  measurements  in  a 
TEM  or  GTEM  cell.  The  propagation  conditions  are 
similar  to  the  free  space.  As  for  the  influence  of  the  loop 
antennas  onto  the  device  under  test  and  the  device  onto 
the  parameters  of  the  antennas,  these  can  be  omitted  if 
the  antennas  are  of  sufficient  diameter. 

The  key  advantage  of  this  method  is  that  the  equivalent 
dipole  moments  can  be  determined  without  having  to 
change  the  placement  of  the  DUT.  This  is  especially 
important  for  devices  powered  from  mains.  Each  change 
of  placement  of  the  device  causes  also  the  change  in  the 
placement  of  the  power  supply  cables,  thus  changing  the 
parameters  of  the  field  source.  It  is  not  possible  to  obtain 
an  accurate  value  for  the  electric  and  magnetic  dipole 
moment  components.  This  test  setup  does  not  provide 
a  significant  isolation  from  external  electromagnetic 
interference  as  with  the  using  TEM  cell  or  the  GTEM 
cell.  Placing  the  loop  antenna  setup  in  a  fully  anechoic 
chamber  can  alleviate  this  inconvenience. 


Fig.  7,  Comparison  of  the  calculated  modules  of  function 
in  the  frequency  domain  (b=l  m.) 


Fig.  8.  Comparison  of  the  calculated  modules  of  function 
Fj.  in  the  frequency  domain  (b=l  m.) 


Fig.  9.  Comparison  of  the  calculated  modules  of  function 
in  the  frequency  domain  (b=2  m.) 


Fig.  10.  Comparison  of  the  calculated  modules  of 

function  in  the  frequency  domain  (b=2  m.) 


3.  Summary 

Within  the  last  years  various  alternative  emission  test 
methods  for  electric  and  electronics  devices  are 
becoming  more  popular.  One  of  the  unquestionable 
advantages  is  the  ability  to  determine  the  emission  of  the 
device  under  test  in  any  environment  based  on  the 
elaborated  equivalent  radiation  model  (without  the  need 
of  additional  measurements).  The  other  advantages  are 
the  relative  low  costs  of  building  and  using  such  setups 
as  compared  to  an  open  area  test  site,  as  well  as  a 
shortened  test  cycle. 

The  TEM  and  GTEM  cell  setups  as  well  as  the  three 
orthogonal  double-loaded  loop  antenna  setup  can  be 
used  for  precoplience  evaluation  of  device  emissions. 
However,  one  has  to  note  that  even  though  these 
alternative  emission  measurement  methods  have  many 
advantages,  they  cannot  be  used  for  measurements  of  all 
device  emissions  as  opposed  to  an  open  area  test  site. 
The  basic  limitation  relates  to  the  geometrical  size  of  the 
tested  device.  The  TEM  and  GTEM  cells  cannot  be  used 
for  testing  devices,  which  must  remain  stationary  during 
use.  Considering  the  above,  EMC  laboratories  should  be 
also  equipped  with  standard  measurement  setups  as 
described  by  the  relevant  standards. 

The  Institute  of  Telecommunication  and  Acoustics  of  the 
Wroclaw  University  of  Technology  has  been  conducting 
research  related  to  device  emission  measurement 
methods  including  alternative  methods  for  many  years. 
Most  of  these  works  has  been  financed  from  the  national 
Science  Research  Committee  (Pol.  “Komitet  Badah 
Naukowych”). 
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ABSTRACT 

This  paper  presents  the  methodology  of 
performing  the  shielding  effectiveness  measurements  of 
operational  rooms  on  board  of  Italian  Navy  ships, 
according  to  STANAG  4557  ** EM  Shielding:  Methods  of 
standard  attenuation  measurements  for  naval 
enclosures”.  After  a  description  of  the  measurement 
system  and  methods,  the  results  of  some  measurements 
carried  out  in  the  radio  room  of  an  Italian  military  ship 
are  shown.  The  applicability  of  the  adopted 
methodology  is  limited  to  the  frequency  band  10  KHz  - 
1  GHz  for  electric  field  attenuation  measurement,  and 
10  KHz  -  30  MHz  for  magnetic  field  attenuation 
measurement.  At  the  end,  the  applicability  of  the 
aforesaid  methodology  in  the  civil  context  is  briefly 
analysed. 

1.  INTRODUCTION 

The  measurement  of  shipboard  operational  rooms 
shielding  effectiveness  is  an  important  test  for  the 
Italian  Navy  in  order  to  verify  the  level  of  security  of 
the  transmissions  and  to  ensure  the  correct  functioning 
of  the  equipments  that  shall  operate  in  the  operational 
rooms. 

2.  MEASUREMENT  SYSTEM 

On  board  it  is  necessary  to  measure  the  behaviour 
of  shielded  enclosure  including  doors,  penetrations, 
equipments,  ducting,  etc.  In  the  real  condition 
attenuation  measurements  shall  be  given  by  the 
difference  betv^^een  field  strengths  induced  in  receiving 
antenna  (and  produced  by  transmitting  antenna)  during 
calibration  measurements  and  during  shipboard 
measurements.  The  instrument  of  the  measurement 
system  shall  be  tested  and  calibrated  before  executing 
the  measure. 

The  measurement  system  employed  to  perform  the 
measurements  is  schematically  illustrated  in  Fig.  1. 
STANAG  4557  determines  the  following  measurement 
system  instrumentation.  Signal  source  may  be  either  a 
signal  generator  or  a  power  oscillator  with  CW  (or 
modulated  output)  and  with  enough  power  to  endow  the 
whole  system  with  an  adequate  measurement  range. 


The  detector  may  be  any  receiver  or  field  strength  meter 
with  sufficient  sensitivity  such  that  its  dynamic  range  is 
greater  than  the  maximum  attenuation  required  to  be 
measured. 

Antennas  to  be  employed  over  the  different  jfrequency 
bands  are: 

•  for  magnetic  field  attenuation  measurement;  “loop 
antenna  for  frequency  range  from  10  KHz  to  30 
MHz; 

•  for  electric  field  attenuation  measurement: 

Frequency  range  from  10  kHz  to  30  MHz: 
electric  field  source  provided  with  rod 
receiving  antennas; 

Frequency  range  from  30  MHz  to  200  MHz  : 
Biconi  cal  antenna 

Frequency  range  200  MHz  to  1  GHz  :  Tuned 
dipole  antenna. 

In  particular,  for  the  measurements  perfonned  in  the 
radio  room  of  a  military  ship,  the  following 
instrumentation  has  been  used: 

•  A  signal  generator  Rohde  &  Schwarz  SMGL, 
operating  in  the  frequency  range  10  KHz  -  1  GHz; 

•  A  spectrum  analyzer  HP8593A,  operating  in  the 
frequency  range  3  KHz  -  22  GHz; 

•  an  active  EATON  pair  TX  and  RX  96020  for 
magnetic  field  attenuation  measurement  and  the 
following  antennas  for  electric  field  attenuation 
measurement: 

-  a  TX  EATON  antenna  N°  3303  and  RX 
EATON  N°3301B  (10  kHz  to  30  MHz); 

-  a  tuned  dipole  antenna  EATON  DM-105A-T1 
(30  MHz  to  200  MHz); 

-  EATON  DM-105A-T2  antenna  up  to  400  MHz 
and  EATON  DM-105A-T3  beyond  400  MHz 
(200  MHz  to  1  GHz). 

3.  METHODS  OF  MEASUREMENTS 

The  following  measurements  methodology  has 
been  extracted  from  STANAG  4557. 

During  measurements,  in  order  to  reduce  the  possibility 
of  electromagnetic  influence  between  human  body  and 
antennas,  only  the  test  personnel  is  allowed  to  access  the 
location  and  the  operational  enclosure  cannot  be  used. 
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The  room  under  test  must  be  clear  of  all  extension 
cables  and  non  permanent  equipments.  Cables  normally 
connected  inside  the  space  should  be  terminated  to 
permanently  mounted  equipment.  This  will  prevent 
parasitic  reradiations  within  the  shielded  room.  No 
electrical  or  electronic  equipment  should  be  running  in 
the  enclosure  while  the  measurement  is  taken  place. 
According  to  STANAG  4557,  the  attenuation 
assessment  consists  of  the  following  phases. 


Fig.  1 :  Measurement  system  scheme 


3.1  Arrangement  of  instrumentation 

Instrumentation  has  been  arranged  as  shown  in  fig. 
1.  The  receiver  has  been  laid  inside  the  enclosure  and 
the  transmitting  antenna  outside. 

3.2  On  board  measurements  positions 

The  measurements  positions  has  been  selected  on 
the  basis  of  an  inspection  of  the  enclosure  under  test. 
Selection  criteria  take  into  account  each  point  of  the 
enclosure  that  can  increase  the  risk  of  undesired 
electromagnetic  radiated  emissions. 

Measurement  should  be  made  close  to: 

-  Apertures  (e.g.  doors,  ventilation  ducts,  mesh 
gratings,  etc.,); 

-  Penetration  cables  and  conducting  pipes  as  these  can 
pick  up  signals  on  one  side  of  the  screen  and  re¬ 
radiated  on  the  other; 

~  Seams  and  other  weak  features  of  the  shielding  and 
bonding. 

3.3  On  board  dynamic  range  measurement 

In  order  to  ascertain  the  capability  of  the  system  of 
revealing  the  attenuation  value  that  is  intended  to  be 
gauged,  it  is  necessary  to  perform  a  check  in  advance  on 
the  intended  operational  attenuation  measurement  range. 
The  test  of  attenuation  measurement  range  shall  consist 
of  the  following  steps: 

-  The  instrumentation  shall  be  placed  inside  the 
enclosure,  (maintained  in  maximum  shielding 
conditions);  RX  and  TX  antennas  shall  be  positioned 
with  mutual  distances  as  indicated  in  Fig.  2. 

-  Accordingly  with  the  dimensions  of  the  on  board 
rooms,  there  should  be  no  metallic  items  placed 
between  antennas  or  in  their  proximity. 

-  Two  readings  of  the  amplitude  levels  (provided  by 
the  detector  and  expressed  in  dB^y)  shall  be  taken 
in  the  following  conditions: 


a)  maximum  output  power  level  of  the  signal 
generator  (this  could  also  include  an  amplifier). 
Let  Vj  (dB^y)  be  the  level  read  from  the 
detector.  If  the  high  power  transmit  level 
saturate  either  the  receiving  antenna  (if  active 
antenna)  or  the  receiver  it  is  possible  to  reduce 
the  power  level  of  the  signal  generator  and  take 
in  account  this  reduction  for  calculate  Vj; 

b)  signal  source  switched  off  and  detector  still 
operating  in  the  previous  conditions.  Let  V2 
(dB^y)  be  the  read  amplitude  level  (it  consists 

of  the  instrumental  noise  plus  environmental 
noise). 

-  Measurement  system  range  is  calculated  as  follows: 

Range  (dB)  =  Vj  (dB^y)  -  V2  (dB^y). 


distances  of  Rx  and  Tx  antennas 

The  range  validation  must  concern  horizontal  and 
vertical  orientation  of  antennas. 

In  order  to  make  the  attenuation  measurement  possible, 
range  must  be  larger  than  expected  attenuation  value 
over  the  intended  frequency  range,  otherwise  the 
measurement  signal  level  will  need  to  be  increased 
turning  up  the  amplification. 

The  available  instrumentation  should  provide  a  dynamic 
range  of  80^100  dB,  but  it  will  be  considered  that  this 
resulting  range  will  be  the  maximum  attenuation 
measurable  level;  if  the  attenuation  measurement  is 
limited  by  the  background  noise  (V2),  the  real 
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attenuation  is  over  the  measured  attenuation  and  over 
the  dynamic  range. 

3.4  Shipboard  measurement 

Special  attention  must  be  paid  v^hen  recording  the 
parameters  set  during  the  attenuation  measurements 
(receiver  band,  signal  source  output  level,  type  of 
employed  modulation,  length  of  tuned  dipoles  and  so 
on).  Antennas  should  be  aligned  over  two  planes, 
horizontal  and  vertical,  perpendicular  to  the  plane  of  the 
shielding  on  the  opposite  sides  of  it. 

The  positions  of  instruments  and  antennas  in  the  various 
frequency  bands  are  the  same  as  during  dynamic  range 
measurement  .  The  distances  between  the  antennas  are 
mandatory  but  they  can  be  modified,  because  of  lack  of 
available  space,  and  such  modifications  must  be 
reported  in  Ae  trial  report. 


anechoic  chamber 


3.5  Calibration  measurement 

Calibration  measurements  are  to  be  performed 
after  shipboard  measurements,  in  a  shielded  anechoic 
enclosure  (fig.  4)  or  in  an  open-site,  without  metallic 
items  placed  between  the  antennas  or  in  their  proximity. 
Antennas  must  be  carefully  placed  in  the  same 
conditions  (fig.  3)  as  during  the  shipboard 
measurements. 


The  same  cables  as  were  used  on  the  ship  should  also  be 
used  for  this  calibration  measurements. 

Also  the  operational  modes  of  the  measurement  chain 
must  be  thoroughly  reproduced  on  the  basis  of  the 
indications  reported  in  Ae  tables  (receiver  band,  signal 
source  level,  type  of  modulation  employed,  length  of 
tuned  dipoles  and  so  on). 


If  the  high  power  transmit  level  saturate  either  the 
receiving  antenna  (if  active  antenna)  or  the  receiver  it  is 
possible  to  reduce  the  power  level  of  calibration  and 
take  in  account  this  reduction  for  calculate  V^.  If  we 
reduced  the  power  level  of  K  dB  we  will  considered  that 
Vo  will  be  the  value  measured  plus  the  2K  factor. 

3.6  Attenuation  calculation 

The  following  formula  expresses  the  value  of 
attenuation: 

Attenuation  (dB)  =  VQ(dB^Y)  -  V(dB^Y)  , 
where  Vq  and  V  are  the  values  of  the  voltage  read  on 
the  receiver  as  a  function  of  frequency  respectively 
during  the  calibration  during  the  trial. 

Since  two  measures  are  performed,  with  antennas 
placed  on  horizontal  and  vertical  planes,  two  different 
values  will  be  achieved.  As  a  value  of  attenuation,  the 
least  must  be  chosen. 


4.  RESULTS 

The  shielding  effectiveness  measurements  of  an 
Italian  Navy  ship  radio  room  have  been  performed  in 
two  test  points  (door  and  bulkhead)  for  ^e  following 
three  conditions: 

a)  Radio  room  clear  of  all  extension  cables  and  non 
permanent  equipments; 

b)  Radio  room  including  equipments  (operational 
condition); 

c)  Radio  room  including  equipments  (after  corrective 
actions). 

In  fig.  5  and  fig.  6  the  results  are  reported  for  magnetic 
and  electric  field  attenuation  measurements  (the  door  as 
test  point)  in  the  frequency  range  10  KHz  -  30  MHz,  in 
both  conditions  a)  and  b).  As  easily  deductible  by  the 
diagram  analysis,  fig.  6  shows  a  maximum  44  dB 
degradation  of  attenuation  at  the  frequency  of  600 
KHz, 

In  fig.  7  and  fig.  8  the  results  are  reported  for  magnetic 
and  electric  field  attenuation  measurements  (the 
bulkhead  as  test  point)  in  the  frequency  range  10  KHz  - 
1  GHz  in  both  conditions  a)  and  b).  The  diagram 


obtained  in  fig.  8  shows  a  maximum  59  dB  degradation 
of  attenuation  at  the  frequency  of  1  GHz. 

While  in  the  case  of  the  magnetic  field  the  attenuation 
degradation  is  more  limited,  in  the  case  of  the  electric 
field  some  corrective  actions  were  necessary  to  bring 
the  attenuation  values  to  an  acceptable  level  of  shielding 
effectiveness. 
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Fig.  5:  Shielding  effectiveness  of  magnetic  field. 
Test  point:  door 
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Fig.  6:  Shielding  effectiveness  of  electric  field. 
Test  point:  door 
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Fig.  7:  Shielding  effectiveness  of  magnertic  field 
Test  point:  Bulkhead 
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Fig.  8:  Shielding  effectiveness  of  electric  field. 
Test  point:  Bulkhead 
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Fig.  9:  Shielding  effectiveness  of  electric  field 
Test  point:  door 
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Fig.  10:  Shielding  effectiveness  of  electric  field. 

Test  point:  bulkhead 

Following  actions  were  performed: 

-  accurate  cleaning  of  door  “fingers”; 

-  substitution  of  damaged  door  “fingers”; 

-  restoration  of  acceptable  RP  characteristics  of  an 
aperture  for  penetrating  cables. 

After  these  corrective  actions  the  electric  field 
attenuation  values  increased,  as  shown  in  fig.  9  and 
fig.  10.  In  fig.  11  is  illustrated  the  tuned  dipole  antenna 
used  during  the  shipboard  measurements. 


5.  CONCLUSIONS 

The  Italian  Navy  began  several  years  ago  to  adopt 
the  aforesaid  methodology,  described  in  STANAG 
4557,  of  measuring  shipboard  operational  rooms 
shielding  effectiveness.  The  application  of  this  EMC 
standard  in  many  cases  has  permitted  the  identification 
of  shielding  and  bonding  problems,  due  to  bulkheads 
imperfect  integrity,  bad  RF  characteristics  of  apertures 
for  penetrating  cables,  etc. 

Also  in  civil  context  we  can  find  analogous 
requirements  of  shielding  effectiveness  verification  for 
places  like  for  example: 

~  radio  rooms  of  merchant/passenger  ships; 

-  radio  rooms  of  public  order  control  forces; 

-  companies  and  government  agencies  data  processing 
centers; 

research  and  experimentation  laboratories; 

-  intensive  care  hospital  departments; 

-  in  general,  rooms  that  need  shielding  for  RADHAZ 
requirements. 

In  conclusion  we  think  that  this  methodology  can  be 
usefully  and  successfully  applicable  to  the  aforesaid 
cases  and  so  we  wish  the  extension  of  STANAG  4557 
to  the  civil  context. 
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Published  experimental  work  on  the  effect  of 
electromagnetic  pulse  over  the  electro-explosive 
devices  (BED)  is  scarce  in  the  literature.  The  effect 
may  be  perceived  in  two  different  modes  on  the 
bridgewire  type  EEDs.  One  is  the  pin-to-pin  mode 
and  the  other  is  the  pin-to-case  mode.  In  this  work, 
the  authors  attempt  to  measure  the  pin-to-pin 
effect  using  the  energy  concept  An  ordnance 
system  comprising  of  passive  elements  was 
subjected  to  an  electromagnetic  pulse.  A  method  is 
devised  to  measure  the  energy  induced  to  the  hot 
bridgewire  type  electro-explosive  device. 

Briefly,  the  method  is  as  follows:  the 
components  of  the  equipment  under  test  was 
placed  inside  a  GTEM  cell.  One  end  of  the  EED 
wire  was  brought  to  the  outside  of  the  GTEM  cell. 
The  induced  current  on  the  wire  was  pickud  up  by 
an  RF  current  probe  in  the  differential  mode.  The 
output  of  the  current  probe  was  sampled  by  a 
digitizing  oscilloscope.  The  sampled  time  domain 
waveform  was  transformed  to  the  frequency 
domain  by  applying  FFT.  Afterwards,  the 
correction  factors  of  the  current  probe  was 
introduced.  By  using  the  frequency  domain  current 
components  then  obtained,  the  energy  dissipated 
on  the  bridgewire  resistance  was  calculated.  The 
test  results  will  be  given  in  the  paper.  The  validity 
of  the  applied  method  is  to  be  discussed. 

1.  INTRODUCTION 

Ordnance  systems  may  be  susceptible  to 
electromagnetic  environmental  effects  if  proper 
EMC  measures  are  not  taken.  The 
electroexplosive  device  (EED)  which  is  a  device 
used  to  start  an  explosive  train  using  an  electrical 
energy  constitutes  the  most  vulnerable  part  of  an 
ordnance  system.  Inadvertent  initiation  of  such 
devices  could  result  personnel  hazards  and/or 
mission  failures.  Almost  all  ordnance  systems  use 
hot  bridge  wire  type  EEDs.  The  primary 
characteristic  of  these  types  of  EEDs  is  that  they 


are  passive  and  therefore  they  exhibit  linear 
behaviour.  The  direct  current  joule  heating  (I^R)  is 
the  normal  initiation  mode  for  these  types  of  EEDs. 
Since  the  EEDs  are  actuated  electrically  and  these 
devices  may  receive  an  RF  conduction  current 
through  a  pair  of  transmission  line,  the 
electromagnetic  energy  in  the  environment  may 
constitute  a  potential  threat. . 

The  electromagnetic  environmental  effects  that 
can  affect  an  ordnance  system  may  be  one  of  the 
followings: 

•  Eiectromagnetic  radiation  from  intentional 
transmitters. 

•  Electromagnetic  pulse  after  a  nuclear 

detonation. 

•  Lightning 

•  Electrostatic  discharge 

These  effects  may  use  the  foliowing  two  ways 
to  cause  inadvertent  ignition: 

•  Pin-to-pin  mode 

•  Pin-to-case  mode 

1.1.  Structure  of  Electroexplosive  Device 

To  understand  these  two  ways,  one  must  first 
consider  the  structure  of  an  EED.  A  typical  EED 
with  complete  firing  mechanism  can  be  simply 
depicted  as  in  Fig.  1.  An  EED  usually  consists  of  a 
small  bridgewire  surrounded  by  an  explosive 
compound  (primary  and  secondary  charges).  The 
bridgewire  and  explosive  compound  are  enclosed 
in  a  metal  case  and  the  bridge  wire  is  electrically 
isolated  from  the  case. 

The  electrical  energy  is  provided  from  a  current 
source  through  a  pair  of  conducting  wires  which  is 
connected  to  the  EED  terminals.  The  normal 
initiation  process  is  the  heating  of  the  bridge  wire 
by  supplying  it  with  a  differential  mode  current. 
After  the  bridge  wire  reaches  a  critical 
temperature,  the  primary  charge  detonates  which 
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in  turn  causes  the  explosion  of  the  secondary 
charge.  This  is  the  normal  initiation  or  ignition 
mode  and  it  is  called  as  “pin-to-pin"  mode.  The 
other  way,  which  may  be  classified  as  the 
abnormal  way,  is  the  dielectric  breakdown  of  the 
explosive  due  to  the  pin-to-case  voltage  difference. 
The  breakdown  exhibits  itself  with  an  arc  formation 
between  a  pin  and  the  case.  This  arc  can  cause  an 
ignition  to  the  primary  or/and  the  secondary 
charge.  This  way  is  called  as  pin-to-case  and  is  the 
primary  way  whereby  the  electrostatic  discharge 
can  affect  an  EED. 


I . 2.  Bridge  wire  Heating 

As  seen  in  the  previous  section,  the  primary 
factor  of  the  ignition  process  in  the  normal  (pin-to- 
pin)  mode  is  the  heat  quantity  on  the  bridge  wire. 
Depending  upon  the  time  constant,  the  energy 
needed  to  fire  varies.  Pulsed  high  currents  needs 
lower  energy  to  start  the  ignition  as  compared  to 
the  continuous  low  currents.  The  ignition 
characteristics  of  the  squib  MK1  MOD  0  can  be 
given  as  an  example.  According  to  the 
specification  MIL-PRF-14977C{1],  the  squib  can  be 
fired  within  a  5  ms  after  applying  1.5  A  at  21°  C. 
On  the  other  hand,  the  same  squib  shall  not  fire 
when  energized  with  0.2  A  for  5  s.  If  the  energy 
quantity  needed  for  each  case  is  calculated,  one 
can  find  that  the  energy  in  the  first  case  is  around 

II. 25  mJ  while  in  the  second  case  is  around  200 
mJ.  This  controversial  phenomenon  can  be 
explained  as  follows: 

•  In  the  first  case,  the  bridge  wire  reaches  a 
thermal  balance  in  which  the  supplied  energy 
couldn’t  increase  further  the  heat. 

•  In  the  second  case,  the  bridgewire  finds  no 
time  to  cool  down  and  the  ignition  starts  with 
the  initial  application  of  the  current. 

There  are  experimental  results  for  this 
phenomenon  [2].  From  this  point  of  view,  one  can 
propose  two  types  of  criterion  for  the  bridge  wire 
ignition: 


•  Current/power  criteria  for  continuous  stimulus 

•  Energy  criteria  for  pulsed  stimulus 

Either  criteria  can  be  selected  as  the  minimum 
no  fire  stimulus  (MNFS)  criteria  depending  upon 
the  type  of  the  electromagnetic  environmental 
effect.  In  this  work,  only  the  pin-to-pin  mode  is 
considered  and  it  is  investigated  whether  an  EMP 
effect  can  accumulate  a  sufficient  energy 
deposition  over  the  bridge  wire  which  in  turn  lead 
to  an  ignition  of  the  primary  charge.  The 
measurement  parameter  will  be  the  current  flowing 
through  the  bridge  wire  in  the  differential  mode. 
Since  the  present  work  is  interested  in  the  EMP 
effect,  the  energy  criteria  was  chosen  for 
determining  the  firing  threshold. 


Fig.  2.  Electrical  Sub-system 

2.  TESTING 

2.1.  Description  of  the  system  under  test 

In  this  description,  only  the  electrical  sub¬ 
system  of  the  overall  ordnance  system  will  be 
considered  since  only  this  part  is  subjected  to  the 
test.  The  electrical  sub-system  is  depicted  in  Fig. 
2.  As  seen,  it  simply  consists  of  a  battery  supplying 
the  energy,  the  firing  device  containing  the 
necessary  control  circuitry,  a  relay  box  supplying 
the  firing  current,  an  80  meter  long  unshielded  pair 
transmission  line  which  connects  the  EED  and  the 
squib  of  type  MK1  MOD  0.  As  can  be  easily 
foreseen,  it  is  the  transmission  line  that  will  act  as 
an  unintentional  antenna  facilitating  the  coupling 
and  transmission  of  the  RF  energy  to  the  EED. 
Therefore  the  primary  element  of  the  test  setup  will 
be  the  lying  down  of  this  transmission  line. 

2.2.  Test  Limit 

The  minimum  no  fire  stimulus  enegy  is  taken 
as  10  mJ  energy  in  the  light  of  the  characteristics 
of  the  squib  MK1  MOD  0  and  the  published 
experimental  work.  The  test  limit  was  set  to  16.5 
dB  below  the  MNFS  as  the  military  standard  MIL- 
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STD-464  recommends[3].  This  corresponds  to  224 
|iJ  as  the  test  limit. 

2.3.  Test  Method 
2.3.1.  Test  Setup 

The  test  room  used  in  the  test  is  a  GTEM  cell 
having  a  1.5  m  septum  height.  The  transmission 
line  between  the  relay  box  and  the  fuze  was 
placed  inside  a  non-conducting  box  in  a  zig-zag 
form.  The  fuze  end  of  the  transmission  line  was 
brought  to  the  outside  of  the  GTEM  cell  through  a 
metal  pipe  having  a  0.9  meter  length.  The  actual 
fuze  was  replaced  by  a  carbon  composition  type 
resistor  having  the  same  DC  resistance  value.  The 
RF  current  probe  was  placed  on  the  transmission 
line  near  the  simulating  resistor  in  such  a  way  that 
it  pick  ups  the  differential  mode  current.  It  was 
connected  to  the  oscilloscope  through  a  40  dB 
attenuator.  The  EMP  generator  was  connected  to 
the  feed  point  the  GTEM. 


2.3.2.  Test  Procedure 

The  electromagnetic  pulse  is  generated  by  an 
EMP  generator  capable  of  delivering  a  double 
exponential  pulse  whose  time  domain  waveform  is 
given  in  Fig.  4. 

The  output  of  the  current  probe  was  sampled 
by  a  digitizing  oscilloscope  and  captured  by  a 
computer  via  GPIB  bus.  The  sampled  time  domain 
waveform  was  transformed  to  the  frequency 
domain  by  applying  FFT.  Afterwards,  the 
correction  factors  of  the  current  probe  was 
introduced.  Using  the  resulting  spectra  of  the  fuze 
current  and  benefiting  from  the  Parseval’s 
theorem,  one  can  find  the  energy  dissipated  on  the 
bridge  wire  resistance  using  the  following  equation: 


E  = 


% 

Lil-x 


■At 


(1) 


Where  /„  is  the  fuze  current,  R  is  the  fuze 
resistance.  At  is  the  sampling  interval  time  and  N  is 
the  number  of  sampling  points  (In  this  work 
A/=1024  and  .  At  =  5  ns).  At  isused  as  a  scaling 
measure. 


Fig.  4.  Electromagnetic  Pulse 

3.  MEASUREMENT  RESULTS 

The  measurement  results  are  given  for  three  cases 
depending  upon  the  position  of  the  box  containing 
the  transmission  line.  These  are  as  follows  (see 
Fig.  6  for  the  coordinate  axis  of  GTEM); 

•  Position  1:  the  transmission  line  zigzags  are 
parallel  to  the  x-axis 

•  Position  2:  the  transmission  line  zigzags  are 
parallel  to  the  z-axis 

•  Position  3;  the  transmission  line  zigzags  are 
parallel  to  the  y-axis 


Fig.  5.  GTEM  Cell  Coordinates 


The  time  domain  waveform  captured  by  the 
digitizing  oscilloscope  for  the  position  1  is  depicted 
in  order  to  illustrate  the  damped  sinusoidal  type  of 
change  in  the  time  (Fig.  6).  The  frequency  of  the 
damped  sinusoid  is  10  MHz. 
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Fig.  8.  Current  Spectra  (Position  2) 
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Fig.  7.  Current  Spectra  (Position  1) 

The  frequency  domain  current  components  for 
position  1,2,3  is  seen  in  figure  7,  8,  9  respectively. 
As  expected,  the  peak  of  current  spectra  is  around 
10  MHz.  Using  Equation  1,  the  total  energy 
induced  to  the  fuze  was  calculated.  The  results  are 
given  in  Table  1  with  the  iimit  ievel.  The  highest 
calculated  energy  is  obtained  in  position  1  in  which 
the  transmission  line  is  parallel  with  the  electric 
field  inside  GTEM  cell.  On  the  other  hand,  all  the 
calculated  energies  are  below  the  limit  with  safety 
margin. 


Table  1.  Test  Results 


1  Position 

■lyi/iiHi 

1 

224 

28 

2 

224 

22.6 

I _ 1 _ 

224 

21.2 

Fig.  9.  Current  Spectra  (Position  3) 


4.  VALIDITY  OF  THE  RESULTS 

Although  the  test  logic  is  tried  to  be  well 
defined,  the  test  instrumentation  has  many 
drawbacks.  Some  of  them  are  as  follows: 

•  The  use  of  a  carbon  resistor  to  simulate  a  fuze. 
The  carbon  resistor  RF  characteristics  couldn’t 
be  the  same  with  the  fuze. 

•  The  transmission  line  end  was  brought  out  of 
the  test  cell  thereby  disturbing  the  test  setup 
integrity. 

5.  CONCLUSION 

The  EMP  effect  on  an  ordnance  system  was 
assessed  experimentally.  According  to  the  results, 
the  ordnance  system  is  not  susceptible  to  EMP. 
However,  there  are  several  drawbacks  of  the 
current  test  setup  and  the  experimental  work  must 
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be  redone  by  using  more  sophisticated  sensors 
and  test  equipment. 
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The  paper  presents  the  way  of  formulating 
requirements,  which  should  be  complied  with  by 
systems,  le.  navigation  system,  with  respect  to 
electromagnetic  compatibility.  The  principle  of 
acceptance  process  and  minimum  requirements,  which 
should  be  complied  with  by  normative  documents  is 
presented.  Technical  Criteria  of  Product  (TCP),  which 
is  a  temporary  document,  defining  technical 
requirements  and  testing  procedures  fulfilling  the 
requirements,  is  presented.  Inclusion  of  the  Polish 
Military  Standards  and  the  Polish  Industry  Standards 
with  respect  to  electromagnetic  compatibility  is  also 
described.  The  requirements,  as  well  as  recommended 
tests  methods  related  to  ships*  navigation  system  are 
presented. 

1.  INTRODUCTION 

The  use  of  COTS  equipment  in  military 
procurement  is  likely  to  become  increasingly  common. 
However,  the  use  of  COTS  equipment  in  the  generally 
more  severe  military  environment  raises  the  need  for 
protection  against  each  of  Electromagnetic 
Environmental  Effects  (E3). 

All  electric  and  electronic  apparatus  carried  into 
EU  market  have  to  meet  the  EMC  Directive- 
89/336/EEC,  amended  by  92/31/EEC  and  93/68/EEC. 

It  is  necessary  to  take  into  consideration  the 
differences  between  civil  and  military  environments, 
limits  and  test  methods  using  the  COTS  equipment  in 
the  military  applications.  That  is  one  of  the  reasons  why 
comparison  of  civil  and  military  standards  on  E3  is 
necessary. 

Another  reason  of  necessity  to  use  civil  standards 
in  E3  area  regarding  to  military  equipment  and 
materials  is  presented  in  the  paper. 

Polish  MOD  has  introduced  the  obligation  of 
certification  of  military  equipment  and  materials  in 
order  to  ensure  their  proper  reliability  level.  The  base  of 
certification  process  is  reference  document  based  on  the 
referenced  standards.  The  best  situation  is  when 
referred  product  or  product  family  standards  are 
available. 

In  Poland,  but  not  only,  the  comprehensive  system 
of  military  standards  in  the  area  of  E3  threats  has  not 
yet  been  established. 


There  are  very  many  military  and  civilian,  national 
and  international  E3  protection  standards.  However, 
some  particular  EM  phenomenon  has  not  been  covered 
by  military  standards.  Then  additional  EMC  assessment 
referred  to  civilian  standards  may  be  required. 

One  of  the  more  important  elements  of  ship 
designing  process  is  devices  and  systems  for  ships 
equipping  definition  and  checking.  It  is  connected  with 
defining  of  utility,  safety  and  reliability  parameters  of 
equipment  in  the  area  of  Electromagnetic 
Environmental  Effects.  One  of  the  basic  instruments  in 
that  process  are  standards.  So  again,  the  best  situation  is 
when  product  standards  are  available. 

As  will  be  shown  in  the  next  part  of  the  paper  in 
majority  of  cases  it  is  not  possible  to  find  E3  referenced 
product  standards  for  military  equipment  and  materials. 

2.  POLISH  MILITARY  STANDARDS  IN  E3  AREA 

During  last  40  years,  there  have  been  published  a 
number  of  E3  protection  standards  in  the  world.  There 
are  basic,  generic,  product  and  product  family  standards 
obligatory  in  civil  and  military  applications.  In  that 
area  in  Poland  up  to  early  90’ s  system  of  national 
standards  which  was  composition  of  own  study  and 
implementation  of  international  standards  was  accepted. 

Referring  to  military  equipment  and  materials 
there  were  in  force  Polish  Military  Standards  (PMS)  [1]. 
They  were  the  result  of  implementation  of  international 
(in  force  in  bloc  of  eastern  countries)  standards,  CT  B 
CEB  065-81  -5-  CT  B  CEB  072-81.  These  standards 
include  general  resolutions,  environmental  immunity 
requirements,  guides  of  tests  methods  definition  etc.  No 
specific  limits  and  method  of  tests  in  E3  area  except 
effects  of  NEMP  are  included  in  them. 

Within  Polish  integration  with  western  structures 
(EWG,  NATO)  there  have  been  undertaken  intensive 
actions  to  harmonisation  of  Polish  standards  with  the 
standards  being  in  force  in  these  structures.  It  concerns 
military  standards  in  E3  area,  too. 

In  reference  to  naval  equipment  and  materials, 
actually  there  are  in  force  four  Military  Standards  (MS). 
Two  of  them  are  basic,  self-elaborated  standards  [2,3] 
and  another  two  generic  standards  [4,5]  which  are 
implementation  of  MIL-STD-461D  and  MIL-STD- 
462D. 
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Table  1  -  List  of  required  tests  standards  DS  (NO),  PMS  (WPN)  and  NS  (PN) 
of  electromagnetic  compatibility  ship’s  systems 


No 

Required  tests 

DS  (NO)  and/or  PMS 
(WPN) 

limits/test  methods 

NS  (PN) 

limits/  test  methods 

International 

standards 

limits/test  methods 

1 

Electromagnetic  disturbance  radiated  emission 

NO-06-A200  NO- 
06-A500 

PN-EN  55022 
CISPR-16-1 

MIL-STD-461D 

MIL-STD-462D 

2 

Electromagnetic  disturbance  conducted  emission 

NO-06-A200  NO- 
06-A500 

PN-EN  55022 
CISPR-16-1 

MIL-STD-461D 

MIL-STD-462D 

3 

Electrostatic  discharge  immunity 

Non 

PN-IEC  801-2 

IEC801-2 

4 

Burst  immunity 

Non 

PN-IEC  801-  4 

lEC  801-  4 

5 

Surge  immunity 

Non 

PN-EN  61000-4-5 

EN  61000-4-5 

6 

50  Hz  magnetic  field  immunity 

Non 

PN  EN  61000-4  -8 

EN  61000-4-8 

7 

Pulse  magnetic  field  immunity 

Non 

PN  EN  61000-4-9 

EN  61000-4-9 

8 

Damped  oscillatory  magnetic  field  immunity 

Non 

PN-EN  61000-4-10 

EN  61000-4-10 

9 

Oscillatory  waves  immunity 

NO-06-A200 

NO-06-A500 

PN-EN  61000-4-12 

EN  61000-4-12  MIL- 
STD-461D  MIL- 
STD-462D 

10 

Voltage  variations,  dips  and  short  interruptions 

Non 

PNEN  61000-4-11 

EN  61000-4-11 

11 

Radiated,  (10  kHz  to  40  GHz),  electromagnetic  field 
immunity 

NO-06-A200 

NO-06-A500 

PN-IEC  1000-4-3 
PN-EN  55020 

MIL-STD-461D 

MIL-STD-462D 

12 

Conducted,  (10  kHz  to  400  MHz),  electromagnetic 
field  immunity 

NO-06-A200 

NO-06-A500 

PN-EN  61000-4-6 

PN-EN  55020 

MIL-STD-461DMIL- 

STD-462D 

13 

NEMP  immunity 

WPN-84/N-01003 

NO-06-A200 

NO-06-A500 

Non 

MIL-STD-461D 

MIL-STD-462D 

To  take  into  account  all  possible  E3  threats  in 
ship’s  environment  in  process  of  requirements 
formulation  and  ship’s  equipment  authorisation,  it  is 
necessary  to  apply  limits  and  test  methods  from 
different  military  and  civil  standards. 

The  specific  EM  effects,  limits  and  tests  from 
available  military  and  civil  standards,  which  should  be 
taken  into  account  for  naval  equipment,  are  arranged  in 
table  1. 

3.  BASIC  DOCUMENT  FOR  MILITARY 
EQUIPMENT  CERTIFICATION 

Specialists  meet  the  basic  difficulty  in  establishing 
process  of  military  equipment  and  materials  acceptance. 
It  is  lack  of  referenced  product  standards.  They  have  to 
interpret  many  different  basic  and  generic  standards  and 
to  extract  suitable  requirements  and  testing  methods. 

It  is  very  long  and  complex  process  to  establish 
suitable  product  standard.  So,  in  the  Polish  Armed 
Forces  there  has  been  established  quick  procedure  to 
prepare  temporary  normative  document.  Technical 
Criteria  of  Product  (TCP)  defining  technical 
requirements  and  testing  procedures.  Three  sides  agree 
on  that  document.  They  are  supplier  of  equipment, 


purchaser  and  Competent  Body  responsible  on 
certification  process.  National  Defence  Standards 
Directorate  accepts  the  document.  The  TCP  has  the 
form  of  product  standard  and  should  include  following 
information: 

■  all  required  utility,  safety  and  reliability  of 
equipment  and  materials, 

■  methods  of  tests  and  tests  sequences, 

■  principles  of  assessment  of  equipment  compliance 
with  requirements. 

The  following  hierarchy  of  respectiv  normative 
documents  is  adopted  in  the  process  of  TCP  in  EM 
effects  preparation: 

■  national  military/defence  standards, 

■  international  ratified  military  standards, 

■  other  international  military  standards, 

■  national  civilian  standards, 

■  international  civilian  standards. 

Additionally,  there  other  documents  like  handbooks, 
AEP’s,  ANEP,s  etc.  are  taken  into  account.  Scope  of 
EM  effects,  limits,  testing  methods  and  respectiv 
standards  included  into  TCP  for  as  specific  ship’s 
device  as  radio-navigation  receiver,  which  have  been 
taken  into  account  is  arranged  in  the  tables  2  and  3. 
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Table  2  -  Electromagnetic  disturbance  emission  requirements 


No. 

Description  of  test 

Standardised  limit  of 
disturbance 

Standardised  test 
method 

1 

2 

3 

4 

Electromagnetic  disturbance  radiated  emission: 

1 

a)  magnetic  field  emissions  in  the  frequency  range  of  30 
Hz  to  100  kHz 

Requirement  KRE-01 

NO-06-A200 

NO-06-A500 

b)  electric  field  emissions  in  the  frequency  range 
of  10  kHz  to  18  GHz 

Requirement  KRE-02 
NO-06-A200 

Electromagnetic  disturbance  conducted  emission: 

2 

a)  conducted  emission  power  leads  in  the  frequency  range 
of  10  kHz  to  10  MHz 

Requirement  KCE-02 
NO-06-A200 

NO-06-A500 

b)  conducted  disturbance  antenna  terminal  in  the 
frequency  range  of  10  kHz  to  40  GHz 

Requirement  KCE-03 
NO-06-A200 

Table  3  -  Electromagnetic  immunity  requirements 


No. 

Description  of  test 

Standardised  limit  of 
disturbance 

Standardised  test 
method 

1 

2 

3 

4 

■jiini 

Electrostatic  discharge  immunity: 

a)  direct 

6  kV  ±  10% 

PN-  IEC801-2 

PN-  lEC  801-  2 

b)  indirect 

8  kV  ±  10% 

PN-  lEC  801-  2 

2 

EFT/Burst  immunity 

4kV±10% 
PN~IEC  801-4 

3 

Surge  immunity 

2kV±10% 

PN-EN  61000-4-5 

PN-EN  61000-4-5 

B 

50  Hz  Magnetic  field  immunity 

50  A/m  ±  10% 

PN  -  EN  61000-4-8 

PN-EN  61000-4-8 

5 

Pulse  magnetic  field  immunity 

1  500  A/m  ±10% 

PN  -  EN  61000-4-9 

PN-EN  61000-4-9 

6 

Radiated,  (10  kHz  to  40  GHz),  electromagnetic  field  immunity 

10  V/m  ±  10% 

NO-06-A200 

NO-06-A500 

■ 

Conducted,  (10  kHz  to  400  MHz),  electromagnetic  field  immunity 

Requirement 

KCS-06 

NO-06-A200 

NO-06-A500 

8 

Voltage  variations,  dips  and  short  interruptions: 

a)  voltage  variations 

±20%Un*) 

PN  EN  61000-4-11 

PN  EN  61000-4-11 

b)  short  interruptions  (dips) 

(100%  +  0%)  Un  *) 

PN  EN  61000-4-11 

Un  ~  nominal  EUT  voltage 
*)  accuracy  ±  5% 
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4.  TCP  IN  SHIP  DESIGN  AND  CONSTRUCTION 
PROCESS 

Modem  ships  are  very  complex  systems 
consisting  of  combat  sub-systems,  platform,  platform 
sub-systems  and  additional  equipment.  During  the  ship 
design  process,  among  other  things,  detailed 
requirements  for  equipment  and  its  installation 
conditions  are  formulated.  During  all  stages  of  ship 
designing  and  constructing  that  process  is  developed. 

During  different  phases  of  equipment,  systems 
and  ship  trials  requirements  are  verified  and  may 
change.  Some  of  the  initial  requirements  may  be 
subject  to  very  strong  EM  environment,  out  of 
standardised  limits.  It  is  the  reason,  why  chosen 
requirements  included  in  related  to  normative 
document  should  be  changed  during  process  of 
prototype  ship  designing  and  constructing.  It  is  easier 
to  change  some  requirements  in  the  document  like  TCP 
than  in  standard. 

The  impact  of  tests  and  trails  on  TCP 
requirements  formulation  process  in  different  ship 
designing  and  constructing  phases  is  shown  on  the 
figure  1. 


Fig.  I.  The  block  diagram  of  ship  designing  and 
construction  steps  impact  on  E3  requirements  defining 
process 


The  initiative  to  develop  the  harmonised  NATO 
approach  to  E3  protection  is  very  valuable  in  the  light 
of  the  problems  presented  in  the  paper.  Comprehensive 
system  of  harmonised  standards,  guides  and  other 
normative  documents  will  be  very  useful  for  all 
specialists  are  committed  on  ships  designing  and 
construction  process. 
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A  new  set  of  time-  and  cost-effective  EMC  test- 
methods  is  presented. 

Based  on  a  number  of  different  existing  EMC- 
standards  and  the  use  of  common  test-equipment 
the  procedures  are  designed  to  be  used  for  tests  of 
safety-critical  (not  only  military)  components. 

The  main  advantages  will  be: 

•  reduced  preparation  time  due  to  the  use  of 
only  one  test  setup  for  all  measurements, 

•  same  physical  values  (i.e.  currents)  will  be 
used  for  emission-  and  susceptibility-tests  - 
safety  margins  can  simply  be  determined, 

•  methods  are  designed  to  make  the  tests  appli¬ 
cable  on  equipment  level  as  well  as  on  system 
and  installation  (mil.:  platform)  level. 

1.  Introduction 

More  and  more  EMC  requirements  are  put  on 
the  market,  increasing  the  costs  of  electrical  and 
electronic  equipment  -  but  not  reducing  the  num¬ 
ber  of  EMI-problems.  Too  many  organizations  pro¬ 
duce  “specialized”  EMC-standards,  which  do  nei¬ 
ther  fulfill  the  needs  of  the  rest  of  the  world  nor  take 
system  aspects  Into  account. 

In  the  near  future  there  might  exist  about  1500 
EMI  product  standards,  each  providing  a  special¬ 
ized  set  of  tests  tailored  to  the  needs  of  a  certain 
E.U.T.,  but,  of  course,  slightly  different  of  the  ge¬ 
neric  standards. 

On  the  other  hand  NATO’s  ministries  of  defense 
(also,  but  not  only.  Germany)  force  the  procure¬ 
ment  and  use  of  equipment,  developed  and  speci¬ 
fied  for  the  civil  market.  Will  it  be  possible  to  verify 
the  Electromagnetic  Compatibility  (including  safety 
margins)  of  a  complex  system,  consisting  of 


equipment  tested  in  accordance  with  different 
standards  and  (incomparable)  limits  ? 

To  get  rid  of  this  problem  the  existing  German 
military  EMC-standards  (VG  95370  series)  are 
completely  revised  at  this  moment  with  the  main 
goals: 

•  reducing  the  costs  of  EMC-tests  due  to  the  use 
of  common  test  equipment, 

•  reducing  the  time  for  EMC-tests  by  using  only 
one  test  setup, 

•  defining  test  methods  that  can  be  used  as  well 
on  equipment  as  on  system  level, 

•  in  combination  with  appropriate  limits  the  tests 
qualify  the  E.U.T.  for  the  system  -  by  reducing 
the  EMC-risk  to  nearly  zero. 

Using  the  tests  of  radiated  emission  and  suscepti¬ 
bility  as  examples  the  structure  and  main  aspects 
of  the  new  standard  will  be  described. 

2.  THE  MATCHED  PAIR  PRINCIPLE 

The  uncertainties  of  EMC-measurements  nor¬ 
mally  are  relative  large.  Some  reasons  (among 
others)  are  standing  waves  and  resonance  effects. 
During  EMC-tests  of  equipment  these  effects  can 
be  reduced  by: 

•  the  use  of  absorbing  materials  on  the  walls  of 
the  shielded  test  room, 

•  performing  the  tests  on  an  OATS  (open  area 
test  site). 

•  the  use  of  round  cable  suppression  cores  of 
ferrite  material. 

If  the  instruments  however  are  integrated  into  a 
real  system,  all  these  previously  suppressed  ef- 
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fects  will  be  back  again,  maybe  at  other  frequen¬ 
cies. 

The  VG  draft  assumes  that  resonance  effects 
are  unavoidable;  these  however  should  remain 
identical  during  all  tests.  Thus  the  norm  only  uses 
one  test  setup  -  with  exactly  defined  position  and 
alignment  of  sensors  (antennas,  current  probes) 
and  injectors.  The  measured  and/or  tested  physical 
unit  has  to  be  the  same  during  emission  and  im¬ 
munity  tests.  Furthermore  during  tests  in  the  fre¬ 
quency  domain  the  parameters  have  to  be  deter¬ 
mined  using  the  same  measurement  equipment 
(i.e.  test  receivers)  and  detector  functions  (band¬ 
width,  peak  measurement)  for  both  kinds  of  tests. 

The  impedances  of  the  circuitry  of  the  E.U.T 
and  resonance  effects  are  unknown  and  will  re¬ 
main  so.  Leaving  these  effects  unchanged  during 
all  tests  (as  described  before)  makes  it  possible  to 
evaluate  the  EMI-safety  margin  of  an  E.U.T.  with¬ 
out  performing  calculations  due  to  different  imped¬ 
ances  and/or  physical  units. 

3.  TEST  ANTENNAS  AND  ANTENNA-POSITION 

For  all  tests  the  antenna  distance  should  be  1 
meter.  There  is  no  electrical  reason  to  do  so,  but  in 
real  life  the  systems  space  is  limited,  so  the  short 
antenna  distance  seems  to  be  the  only  way  to  per¬ 
form  equipment  tests  comparable  with  system 
tests.  Knowing  that  wave  front  curvature  is  the 
result  of  this  short  antenna  distance,  the  goal  is  to 
make  tests  possible  and  reproducible  -  instead  of 
getting  most  precise  field  intensity  results.  Fur¬ 
thermore  it  has  to  be  taken  into  account,  that  in 
most  cases  EMI-antennas  are  calibrated  for  this 
distance. 

All  antennas,  magnetic  loops  excepted,  should 
be  linearly  polarized.  Broadband  antennas  should 
be  used. 

The  same  type  of  antennas  shall  be  used  for 
emission  and  immunity  tests  for  better  compensa¬ 
tion  of  proximity  effects. 

At  lower  frequencies  (licenses  are  granted 
starting  at  9  kHz  -  so  this  has  to  be  the  lowest  test 
frequency)  a  magnetic  antenna  should  be  used  (up 
to  30  MHz).  One  reason  is  that  in  this  frequency 
range  the  case  of  the  E.U.T.  is  nearly  transparent 
for  magnetic  fields,  another  one  is  the  better  testing 
of  components  (i.e.  power  supplies)  with  high  cur¬ 
rents  and  low  voltages. 

From  30  MHz  to  200  MHz  the  biconical  antenna 
is  used.  Unfortunately  no  good  alternative  has  been 
found. 

Above  200  MHz  horn  antennas  with  a  specified 
antenna  gain  are  used.  They  are  preferred  be¬ 
cause  of  their  better  suppression  capabilities  of 
environmental  effects.  They  integrate  the  radiation 


lobes  of  the  E.U.T.  and  have  a  good  directivity.  The 
use  of  absorbing  material  at  the  walls  of  the  test 
site  can  be  limited  to  some  regions  and  is  therefore 
less  expensive. 


The  proposed  procedures  have  been  tested  in 
the  frequency  range  up  to  100  GHz.  It  has  to  be 
noted  that  the  calculation  of  the  generated  field 
strength,  using  the  transmitting  antenna  factor, 
gives  the  same  results  as  the  former  calibration 
with  an  isotropic  field  sensor. 

All  antennas  above  30  MHz  have  a  linear  polari¬ 
zation.  The  alignment  of  the  antenna  (in  relation  to 
the  ground  plane)  should  be  +/-  45“  -  tests  using 
horizontal  polarization  will  (because  the  ground 
plane’s  short  circuiting  effects)  no  longer  be  per¬ 
formed. 

The  distance  antenna  -  E.U.T.  of  1  meter  and 
the  height  of  the  antenne  of  1.2  meters  above 
ground  leads,  if  the  antenna's  gain  is  not  less  than 
6  dB,  to  the  effect,  that  no  ground  reflected  signals 
of  the  E.U.T.  are  received  -  absorbing  material  on 
the  floor  of  the  test  site  is  not  essential. 

4.  SETUP  OF  THE  E.U.T. 

For  equipment  testing  a  conductive  reference 
ground  plane  is  required  by  two  reasons; 

•  The  ground  plane  reduces  the  lobing  of  the 
radiation  emitted  by  the  E.U.T. 

•  The  resonance  effects  of  the  shielded  enclo¬ 
sure  are  masked  by  the  ground  plane  effects. 

It  might  be  necessary  to  define  the  dimensions 
more  exactly  (i.e.  0.8  m  x  2.5  m)  instead  of  the 
presently  used  term  “greater  than  2.25  m^". 

The  following  picture  shows  the  lobing  effects  of 
an  E.U.T.  as  an  radiator  in  the  civilian  test  setup 
(80  cm  above  the  reflecting  floor  on  a  non- 
conductive  test  bench)  and  the  military  test  set  up 
(calculated  per  [1]).  It  is  evident  that  the  lobing  is 
linearly  decreased  by  the  E.U.T. ’s  proximity  to  the 
ground  plane.  The  use  of  a  reference  ground  plane 
will  make  the  height  scan  of  the  receiving  antenna 
obsolete. 
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In  civilian  standards  a  turntable  is  used  for  radi¬ 
ated  emission  testing.  Hov/ever,  E.U.T.  emitting 
signals  in  their  vertical  axis  are  not  covered  by  this 
method. 

Military  standards  require  all  sides  of  an  E.U.T. 
to  be  probed  with  an  sensor  to  define  the  side  with 
the  maximum  emissions  which  has  to  face  the 
antenna. 

Presently  the  distance  between  the  cabling  of 
the  E.U.T.  and  the  ground  plane  is  5  cm.  It’s  possi¬ 
ble  that  in  the  near  future  this  distance  has  to  be 
reduced  because  of  the  necessity  of  increasing  the 
upper  frequency  limit  of  radiated  emission  tests  - 
operating  frequencies  for  radars  for  automotive  and 
flight  applications  are  now  in  the  range  between  70 
and  93  GHz. 


The  definition  of  standard  lengths  for  the  cabling 
of  the  E.U.T.  will  be  kept  unchanged.  Under  some 
circumstances  lower  lengths  might  be  allowed  - 
greater  lengths  will  not  be  tested,  that  means  that 
these  might  be  shielded. 

As  LISN  the  50  pH  (according  to  C.I.S.P.R.) 
network  will  be  used. 

Depending  on  the  dimensions  of  the  E.U.T.  the 
position(s)  of  the  test  antenna(s)  are  calculated  - 
this  helps  to  reproduce  the  results. 


positions 
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5.  MEASUREMENT  PARAMETERS 

Swept  measurements  in  the  frequency  domain 
are  necessary  as  the  spectral  lines  of  digital  signals 
might  be  missed  by  spot  frequency  measurements 
as  allowed  by  civil  standards.  A  minimum  fre¬ 
quency  resolution  of  1%  would  be  sufficient,  but  an 
increase  to  0.1%  could  be  necessary,  where  high 
Q-factors  occur.  During  the  immunity  tests  the 
signal  should  not  be  switched  off  during  frequency 
changing.  Still  under  discussion  is  to  sweep  from 
the  highest  to  the  lowest  frequency  -  the  influence 
on  the  E.U.T.  then  would  occur  first  with  the  base 
frequency  -  not  with  one  of  its  harmonics. 

As  the  victims  in  future  systems  are  unknown 
during  the  tests,  a  worst  case  detector  has  to  be 
chosen;  the  peak  detector.  For  system  planning 
corrections  could  be  applied,  depending  on  the 
demodulation  methods  used  by  possible  victims  in 
the  system.  Additionally  the  peak  detector  allows 
shortest  sweep  times  during  testing. 

During  immunity  tests  the  minimum  dwell  time 
per  frequency  should  be  1  second,,  depending  on 
the  E.U.T.;  in  some  cases  this  time  has  to  be  in¬ 
creased. 

Also  for  common  reference  only  one  type  of 
modulation  should  be  used  for  frequency  domain 
testing.  The  1  kHz,  100%  pulse  amplitude  modula¬ 
tion  seems  to  be  a  good  choice.  The  modulation 
shape  looks  like  a  digital  signal  and  its  frequency  is 
audible. 
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6.  DOCUMENTATION  OF  THE  RESULTS 

At  least  the  more  important  EMC-laboratories 
generate  the  test  results  in  digital  form  and  store 
them  i.e.  on  diskettes,  tape  recorders  etc. 

To  make  the  results  more  useful  for  system 
analyses  a  suggestion  should  be  made  for  a  stan¬ 
dardized  data  storage  in  ASCII  format. 

In  the  future  this  data,  stored  on  a  standard  me¬ 
dium  (CD-ROM  preferred)  has  to  be  part  of  the 
(written)  test  report.  If  later  the  data  will  be  needed 
for  further  analysis  and/or  system  planning  this 
might  reduce  the  risk  of  errors. 

7.  SUMMARY 

Parts  of  the  new  VG-draft  for  military  equipment 
have  been  explained.  In  the  same  manner,  proce¬ 
dures  and  test  setup  for  conducted  tests  (emission 
and  immunity)  will  be  simplified. 

It  has  been  shown  that  not  only  the  resources 
(money,  time  and  equipment),  needed  to  perform 
complete  and  valuable  EMC-tests,  can  be  reduced- 
new  test  procedures  and/or  parameters  further¬ 
more  decrease  the  risk  of  EM  Incompatibilities. 
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ABSTRACT 

This  paper  describes  the  Transmission  Line  Matrix 
Method,  (TLM)  and  its  potential  application  to  the 
assessment  of  EMC  via  the  prediction  of 
electromagnetic  fields  and  currents  surrounding 
structures  constructed  from  either  metal  or  composite 
materials  or  both. 

1.  INTRODUCTION 

1.1.  Conventionally,  numerical  modelling  has  been 
the  domain  of  powerful  workstations  and  outside  the 
scope  of  a  stand-alone  PC.  Cheaper  memory  and  faster 
processors,  however,  have  enabled  computational 
electromagnetic  techniques  to  be  ported  to  the  PC 
environment.  This  has  enabled  the  direct  numerical 
electromagnetic  assessment  of  novel  materials  and 
technologies,  particularly  for  stealth  purposes,  to  be 
performed  on  desktop  computers. 


2.  THE  TRANSMISSION  LINE  MATRIX  METHOD 

2.1.  TLM  is  a  time  domain  technique  based  on  the 
analogy  between  the  propagation  of  electromagnetic 
waves  in  a  medium  and  signals  propagating  along  a 
transmission  line  [1].  This  is  illustrated  in  figure  1  and 
equations  1  and  2,  representing  the  correspondence 
between  a  one  dimensional  transmission  line  with 
inductance  L,  capacitance  C  and  admittance  G,  and  an 
electromagnetic  wave  in  a  medium  with  permeability  p, 
permittivity  s,  and  conductivity  a: 


L  L 


X  X+AX 

Fig.  1:  1~D  Transmission  Line 


1.2.  One  such  numerical  method  is  the  Transmission 
Line  Matrix  Method,  (TLM).  TLM  has  the  potential  for 
being  used  to  assess  EMC  and  EMI  problems  by 
predicting  the  electromagnetic  environment  surrounding 
structures  constructed  from  either  metal,  composite 
materials  or  both. 

1.3.  This  paper  introduces  the  TLM  technique  and 
illustrates  areas  of  applicability  by  describing  general 
modelling  and  validation  of  the  prediction  of 
electromagnetic  fields  and  currents,  demonstrating  the 
applicability  to  the  assessment  of  EMC/EMI.  The  paper 
demonstrates  that  TLM  has  the  potential  for  becoming  a 
highly  efficient  and  accurate  technique  for  the 
assessment  of  EMC  and  EMI. 

1 .4.  The  technique  demonstrates  how  EMI  and  EMC 
problems  can  be  minimised  by  the  prediction  and 
identification  of  areas  of  high  electromagnetic  fields  and 
surface  current  densities  at  the  concept  stage  of  a  typical 
platform. 


d^i  _  LC  d^i 
dx^  ~  (Ax)'  df 
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2.2.  From  the  above  the  following  equivalencies  can 
be  drawn: 
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Fig.  2:  1-D  Transmission  Line  and  Electromagnetic 
Field  Equivalencies 
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2.3.  TLM  essentially  models  the  propagation  of 
voltage  impulses  along  a  network  of  transmission  lines. 
These  impulses  are  then  scattered  at  each  junction  of  the 
transmission  lines. 

2.4.  The  structure  to  be  modelled  is  represented  as  a 
cartesian  mesh  of  transmission  lines,  joined  where  they 
cross.  Each  TLM  cell  is  therefore  one  of  these 
junctions,  termed  a  node.  Different  materials  are 
therefore  modelled  according  to  their  electromagnetic 
properties  via  appropriate  choices  of  the  values  of  the 
transmission  line  inductance,  capacitance,  and 
admittance. 


2.5.  Thin  complex  materials  can  be  modelled  as 
resistive  ladder  networks  attached  between  nodes, 
enabling  thin  material  modelling  without  direct 
representation  by  a  TLM  cell,  saving  on  memory  and 
run  time.  TLM  can  also  model  features  such  as  lossy 
dielectrics,  finite  conductivity  and  thin  wires. 

2.6.  This  process  is  depicted  in  Figure  3,  illustrating  a 
3-D  TLM  node  and  a  junction  of  transmission  lines  with 
a  thin  material. 


Fig.  3:  3D  TLM  Node  and  Modelling  with  TLM 


2.7.  As  long  as  the  spacing  between  adjacent  nodes  is 
less  than  1/10  of  the  wavelength  being  studied,  the 
waves  will  propagate  along  the  mesh  with  very  little 
wave  propagation  velocity  error.  Accordingly,  TLM 
has  a  low  wave  dispersion  error  [2]. 


2.8,  TLM  cells  may  also  vary  in  size  enabling  a  tight 
fit  to  a  geometry.  In  this  way,  problems  with  modelling 
areas  of  detail  are  largely  eliminated  (though  TLM  still 
uses  a  staircase  approximation  to  the  geometry). 

2.9.  Model  excitation  is  via  the  introduction  of  a 
pulse  of  a  specified  bandwidth  introduced  at  one  or 
more  of  the  nodes.  At  successive  time  steps,  these 
impulses  travel  along  the  transmission  lines,  scattering 
at  the  junctions  and  connecting  across  to  neighbouring 
nodes  within  the  time  step. 


2. 10.  Frequency  domain  data  can  be  extracted  from  the 
time  domain  TLM  simulation  either  via  a  Fourier 
transform  or  via  a  sinusoidal  excitation  (monochromatic 
wave).  This  enables  a  complete  characterisation  of  the 
electromagnetic  environment  surrounding  a  complex 
object  to  be  performed. 


3.  MATERIAL  MODELLING  WITH  TLM. 

3.1.  Transmission  Loss. 

3.1.1.  Figure  4  depicts  a  TLM  model  for  assessing  the 
transmission  loss  through  two  material  layers  (glass 
reinforced  plastic  and  nickel/copper  coated  polyester). 

3.1.2.  Figure  5  depicts  the  comparison  of  the  TLM 
predicted  transmission  loss  with  the  analytic  solution. 


Fig.  4:  TLM  representation  of  two  layer  material 


Plane  Wave  Transmission  Loss 


TLM  Model 


Fig.  5:  Comparison  between  TLM  and  Analytical  Two 
Layer  Material  Transmission  Loss 

3.1.3,  This  material  model  was  validated  at  HF  via  a 
comparison  of  the  measured  and  predicted  screening 
performance  of  a  panel  of  the  copper/nickel  coated 
polyester  mesh  in  a  split-screened  room.  Figure  6 
represents  the  TLM  model  and  figure  7  is  the 
comparison  of  the  predictions  with  the  experimental 
data  in  the  range  1  -20  MHz. 


Fig.  6:  TLM  model  of  the  spli  screened  room  with  a 
material  panel 

3.1.4,  From  figure  7  it  can  be  seen  that  there  is 
exceptionally  good  agreement  with  the  experimental 
data. 
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Predicted  and  Measured  SE 


TLM  Fnsqucncy  (MHz) 

Screened  Rmin  Measurements 

Fig  7:  Comparison  with  experimental  data  of  the  TLM 
model  of  the  screened  room  with  a  flectron  panel 

3,2.  Antenna  Ground  Plane. 

3.2.1.  TLM  models  have  been  created,  replicating  the 
geometry  of  a  flame  sprayed  zinc  antenna  ground  plane 
(AGP)  supported  by  a  composite  glass  reinforced  plastic 
substrate,  placed  onto  top  of  a  steel  enclosure  [3]. 
Predictions  of  the  isolation  between  the  inside  and  the 
outside  were  compared  to  measurements  at  various 
frequencies.  Figure  8  depicts  the  TLM  model  of  the 
AGP. 


Fig.  8:  TLM  model  of  AGP 


Zinc  AGP  Isolation  Results  -  Point  8 


Frequency  (MHz) 

-  TLM  Prediction 

Measurement 


Fig.  9:  Comparison  between  isolation  measurements 
and  TLM  predictions. 

3.2.2.  Screening  performance  results  are  presented  in 
figure  9  for  one  test  position.  The  correlation  between 
the  two  data  sets  is  excellent. 

4.  SOURCE  MODELS  IN  TLM 

4.1.  10  Metre  Whip  Monopole 

4.1.1.  Cross-code  validation  between  NEC  4  and  TLM 
has  also  been  performed  for  a  model  of  a  10-metre 
monopole  whip  at  HF  [4]. 


4.1.2.  Two  equivalent  models  of  a  10-metre  monopole 
whip  were  created  for  NEC  4  and  TLM,  with  a  radius 
for  both  models  set  at  10  mm.  For  both  models,  the 
currents  along  the  whip  and  the  elevation  radiation 
patterns  were  determined  together  with  the  input 
impedance  and  VSWR  of  the  whip.  Both  NEC  and 
TLM  models  are  depicted  in  figure  10. 


Fig.  10:  TLM  and  NEC  models  of  a  10  metre  whip 
monopole  on  a  ground  plane 


4.1.3.  Note  that  depiction  of  the  extent  of  the  ground 
plane  in  figure  10  is  misleading.  The  ground  plane 
extends  to  infinity  and  is  perfectly  conducting.  In  the 
TLM  model,  the  vertical  walls  are  the  extent  of  the 
workspace  representing  the  terminating  boundaries  for 
the  model. 


4.1.4.  Figure  11  represents  the  absolute  current 
distributions  along  the  whip  for  both  sets  of  predictions. 


Current  along  a  10  metre  Whip  at  2  MHz 


Segment  Number 
TLM  Data 
NECDaU 


Current  along  a  10  metre  Whip  at  10  MHz 


Segment  Number 

TLM  Data 
NEC  Data 


Current  along  a  10  metre  Whip  at  20  MHz 


Segment  Number 

-  TLMDaU 

• —  NEC  Data 


Current  along  a  10  metre  Whip  at  30  MHz 


Segment  Number 

-  TLM  Data 

-  NEC  Data 


Fig.  1 1 :  TLM  and  NEC  currents  along  monopole. 

4.1.5.  Both  NEC  and  TLM  are  in  good  agreement, 
correlating  to  within  3-4  dB,  with  the  TLM  predicted 
current  being  lower  than  the  corresponding  NEC  values. 

4.1.6.  Figure  12  represents  the  elevation  radiation 
patterns  for  the  10-metre  whip  monopole.  Note  that 
these  are  the  absolute  TLM  and  NEC  values. 

4. 1 .7.  The  NEC  and  TLM  radiation  patterns  are  in  very 
good  agreement,  correlating  to  within  3-4  dB  across  all 
frequencies  modelled. 
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Fig.  12:  TLM  and  NEC  elevation  radiation  patterns  for 
10  metre  monopole. 

4.1.8.  The  predicted  voltage  standing  wave  ratio 
(VSWR)  and  impedance  were  also  compared  for  both 
techniques.  These  are  depicted  in  figure  13. 


Frequency  (MHz) 


-  TLM  predicted  VSWR 

- NEC  predicted  VSWR 


Magnitude  of  TLM  predicted  Impedance 
Magnitude  of  NEC  predicted  Impedance 

Fig.  13:  NEC  and  TLM  VSWR  and  magnitude  of 
impedance  for  the  10  metre  whip  monopole. 

4.1.9.  Calculation  of  impedance  and  VSWR  for  both 
simulations  show  that  there  is  excellent  correlation 
between  the  two  numerical  techniques.  The  magnitude 
of  the  impedance  determined  via  both  techniques  differs 
by  only  —1  to  2  dB  across  the  HF  band.  Similarly,  the 
VSWR  varies  by  2  dB  across  the  band. 


4.L10.The  real  and  imaginary  components  of  the 
impedance  are  also  in  excellent  agreement  with  standard 
published  texts  [6],  [7], 

4.1.11. The  results  of  this  work  indicate  that  TLM 
modelling  can  provide  results  as  good  as  those  of  NEC. 


5.  WHOLE  SHIP  MODELLING. 


5.1.  A  large  ship  has  also  been  modelled  using  TLM 
and  NEC  in  order  to  assess  installed  monopole  antenna 
performance  [5].  Figures  14,  15  and  16  depict  the  TLM 
model  and  results  of  a  comparison  with  NEC  for  the 
same  antenna. 


Frequency  (MHz) 

-  TLM  predicted  VSWR 

.  NEC  predicted  VSWR 

“  Anechoic  NEC  predicted  VSWR 

Fig.  15:  NEC  and  TLM  VSWR  for  a  ship  monopole 
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Fig.  16:  NEC  and  TLM  Patterns  at  2, 10, 20  &  30  MHz 
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5.2.  From  figure  16,  it  can  be  seen  that  other  than  at 
30  MHz,  the  patterns  agree  to  within  --5  dB.  However, 
the  discrepancy  results  from  exceeding  the  frequency 
limit  of  the  NEC  model  owing  to  computer  limitations. 

5.3.  The  results  from  this  ship  modelling  indicate  that 
TLM  is  capable  of  providing  results  comparable  to 
those  produced  via  NEC. 

6.  SUMMARY  AND  WAY  FORWARD 

6.1.  TLM  is  proving  to  be  capable  of  providing 
results  at  least  as  good,  if  not  better  than  NEC. 
Combined  with  the  capability  to  assess  different 
materials,  TLM  has  the  potential  to  supersede  NEC  as  a 
tool  for  the  numerical  assessment  of  the  electromagnetic 
environment  from  radiators  and  surrounding  complex 
structures. 

6.2.  It  should  be  noted  that  comparisons  have  been 
focused  toward  the  HF  range,  where  many  materials  can 
be  modelled  as  a  homogeneous  layer.  At  present,  the 
modelling  of  inhomogeneous  materials  can  only  be 
performed  for  very  small  sections,  where  the 
inhomogeneity  of  the  material  is  modelled  directly. 

6.3.  Though  techniques  are  being  developed  to 
address  this  shortcoming,  they  are  still  at  the 
developmental  stage  [8],  Further  work  is  therefore 
required  in  order  to  develop  TLM  techniques  capable  of 
dealing  with  these  complex  materials. 

6.4.  However,  the  TLM  technique  can  be  run  on  a 
commercially  available  desktop  PC,  with  a  reasonable 
amount  of  RAM  (all  TLM  models  were  run  on  a 
Pentium  II  300  MHz  machine  with  256  Mbytes, 
whereas  the  NEC  ship  model  was  run  on  a  SG  2000). 

6.5.  When  run  time  and  the  type  of  workstation 
required  are  considered  for  very  complex  models  such 
as  the  ship,  TLM  can  be  seen  to  be  more  efficient.  A 
Comparison  of  the  SPEC95fp  and  SPECfp_rate95  (© 
1996  Standard  Performance  Evaluation  Corporation) 
benchmarks  for  each  processor  illustrates  the  difference 
in  efficiency  of  both  techniques. 

6.6.  The  PII 300  has  a  SPEC95fp  and  SPECfp_rate95 
of  8.49  and  75.1  respectively  (©  1998  Intel 
Corporation).  The  Origin  2000  has  values  of  24.5  and 
190  respectively  (©  1998  SGI).  By  scaling  run  times 
according  to  these  results,  the  NEC  ship  model  would 
have  taken  30-40  times  as  long  as  the  TLM  model  when 
run  on  comparable  machines  for  the  same  output, 

6.7.  TLM  may  therefore  provide  a  viable  alternative 
to  traditional  methods  such  as  NEC  for  electromagnetic 
modelling  of  complex  structures,  particular  those 
comprised  of  complex  dielectric  materials  outside  the 
realm  of  numerical  modelling  with  NEC. 
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1.  INTRODUCTION 

The  U.S.  Navy  established  an  E3  Awareness  Pro¬ 
gram  to  implement  instructions,  procedures,  and 
guidelines  for  system  operators  so  they  readily 
identify  EMI  problems,  institute  corrective  action, 
and  restore  electronic  systems  to  a  combat  ready 
status. 

2.  SCOPE 

An  initiative  has  been  started  within  the  NATO 
Naval  Armaments  Group,  Special  Working  Group 
Ten  (NNAG  SWG/10)  on  Naval  Electro-Magnetic 
Environment  Effects  to  examine  E3  Awareness  in 
NATO  member  nations  with  the  goal  of  minimiz¬ 
ing  the  effects  of  EMI. 

3.  TOPICS 

The  following  are  descriptions  of  E3  related  areas. 
The  descriptions  are  of  seminars  or  technical  mate¬ 
rials  that  have  been  used  in  classes  and  briefings. 

Understanding  &  Applying  MIL-STD-461D 
A  practical  interpretation  of  the  standard  including 
design,  testing  and  control  requirements.  Discusses 
the  emission  and  susceptibility  requirements  of  each 
part  in  detail,  test  instrumentation  and  facilities 
needs  and  the  EMI  control  requirements,  including 
contract  data  requirements,  EMI  Test  Plan,  EMI 
Test  Report  and  EMI  Control  Plan. 

Design  and  Test  to  Meet  E3  Requirements 
This  is  design  requirements  for  project  engineers. 
The  sources  of  EMC  requirements,  their  justifica¬ 
tion,  and  their  interpretation.  Specific  design  tech¬ 
niques  are  presented  with  rationale  and  objectives. 

Application  and  Use  of  MIL-STD-237  f Over- 
viewi  Training  Course 

This  provides  E3  guidance  for  Program  Managers 
responsible  for  acquisitions  and  explains  the  new 
DoD  acquisition  process  now  reflected  in  Revision 
B  to  MIL-HDBK-237.  Special  emphasis  is  given  to 
the  acquisition  of  non-developmental  items  (NDI) 


and  commercial  items  (Cl)  for  use  in  unique  mili¬ 
tary  operational  environments.  Expands  on  the 
material  provided  in  the  PM  E3  Awareness  course. 
(1/2)  day. 

M1L-STD-462D  Testing 

This  seminar  is  a  hands-on  testing  course  specifi¬ 
cally  tailored  or  DoD  personnel  who  perform  test¬ 
ing  performed  in  accordance  with  MIL-STD-462D. 
Includes  design,  testing  and  control  requirements 
and  discusses  emission  and  susceptibility  require¬ 
ments,  test  instrumentation  and  essential  facilities. 
Features  hands-on  test  workshops  in  R&B‘s  exten¬ 
sive  laboratory.  (3  days). 

MIL-STD-461/462  Testing 
This  seminar  is  specially  tailored  for  DoD  personnel 
who  witness,  supervise  or  review  for  compliance, 
testing  in  accordance  with  MIL-STD-461/462.  It 
provides  an  overview  of  the  Navy’s  E3  program  and 
the  necessity  for  compliance.  Additionally,  the 
purpose,  performance  criteria,  and  acceptable  alter¬ 
natives  for  each  test.  Typical  contractor  shortcuts 
and  avoidance  techniques  are  summarized. 

EMI  Controls  for  Shore  Installations 
This  describes  the  causes  of  EMI  problems  found  at 
ground  installations  and  how  they  may  be  corrected 
and  /or  precluded.  Guidelines  for  purchasing 
equipment  and  modifying  existing  equipment  to 
improve  its  EMI  immunity  are  provided.  Facilities 
design  and  modification  is  covered.  The  testing 
procedures  for  ground  installations,  including  site 
surveys,  ESD  evaluations  and  related  documenta¬ 
tion  is  covered.  Non-military  EMI  controls,  such  as 
FCC  requirements  and  IEEE  evaluation  criteria  are 
included.  This  information  is  intended  for  person¬ 
nel  responsible  for  facility  design,  equipment  acqui¬ 
sition,  equipment  installation  and  equipment  opera¬ 
tions  for  ground  installations. 
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Electromagnetic  Radiation  Hazards  Awareness 

The  purpose  of  this  seminar  is  to  provide  informa¬ 
tion  on  the  potential  hazards  to  humans  from  elec¬ 
tromagnetic  radiation,  sometimes  called  microwave 
radiation.  This  knowledge  should  enable  the  par¬ 
ticipant  to  intelligently  deal  with  any  RADHAZ 
problems  that  he  encounters.  The  material  covered 
includes  background  information,  requirements, 
definitions,  permissible  exposure  limits,  electro¬ 
magnetic  fields,  calculation  of  electromagnetic 
fields,  measurements,  protective  measures,  report¬ 
ing  of  overexposure  and  RADHAZ  related  organi¬ 
zations. 

Electromagnetic  Pulse  (EMP) 

An  introduction  to  understanding  the  EMP  phe¬ 
nomenon,  the  causes  and  effects  of  EMP,  EMP 
hardening  and  effective  testing  programs.  Addresses 
effects  in  cables  and  antennas,  EMP  standards, 
lightning,  and  personnel  safety.  The  requirements 
for  CS116  and  RS105  in  MIL-STD-461D  including 
equipment  requirements,  conducted  susceptibility 
and  radiated  susceptibility  testing  methods  are  re¬ 
viewed  and  discussed. 

Grounding,  Bonding  &  Shielding 

A  broad-based  treatment  of  the  elements  of  design 
and  materials  selection  to  provide  EMI  protection 
and  suppression.  Covers  grounding  considerations, 
categories  and  safety.  Types  and  methods  of  bond¬ 
ing  and  examples  are  given.  Shielding  techniques, 
including  near/far  field  considerations,  gaskets,  ap¬ 
ertures,  and  cabling,  as  well  as  a  brief  review  of 
printed  circuit  board  considerations,  are  discussed. 

Transient  Testing 

Introduces  laboratory  personnel  to  the  phenomena 
of  Electromagnetic  Pulse  (EMP),  Lightning  and 
Electrostatic  Discharge  (ESD),  and  discusses  safety 
precautions  and  test  methods.  Particular  attention  is 
paid  to  EMI/EMC  testing  in  accordance  with  MIL- 
STD-461D,  RTCA  DO-160,  MIL-STD-1757  and 
related  specifications  and  standards. 

Electromagnetic  Compatibility  (EMQ  by  Design 

An  in-depth  technical  treatment  of  the  design  crite¬ 
ria  of  a  wide  spectrum  of  EMI  considerations.  In¬ 
cludes  EMC  management,  cable  coupling,  ground¬ 
ing,  bonding  and  shielding,  filters,  receivers  and 
transmitters,  transient  suppression,  and  other  topics. 


Guidelines  for  the  Use  of  Commercial  Technolo¬ 
gies  for  Military  E3  Applications 

The  major  emphasis  of  this  is  the  evaluation  and 
selection,  from  an  E3  perspective,  of  already  devel¬ 
oped  equipment  capable  of  fulfilling  Navy  opera¬ 
tional  requirements  with  little  or  no  modification. 
These  nondevelopmental  items  (NDI)  allow  the 
Navy  to  take  advantage  of  technological  advances 
resulting  from  the  competitive  pressures  of  the 
commercial  marketplace  as  well  as  developments  in 
other  DoD  or  Government  agencies.  However,  the 
implications  on  electromagnetic  compatibility  of  the 
overall  weapon  system  must  be  carefully  consid¬ 
ered.  Understanding  EC  and  Other  Commercial 
Requirements  &  Test  Methods 
Comprehensive  overview  of  European  Community 
(EC)  requirements  and  the  EMC  Directive.  Explains 
test  standards  and  procedures,  preparation  of  a 
TCP,  application  of  CE  mark  and  other  require¬ 
ments.  Includes  laboratory  demonstrations  of  emis¬ 
sions  and  immunity  testing.  Removes  all  mystery 
and  confusion. 

Introduction  to  EMI 

A  basic  treatment  of  the  ”whys  and  hows"  of 
EMI/EMC  for  non-EMC  personnel,  those  new  to 
the  EMC  field  and/or  those  desiring  a  review  of  the 
essential  principles.  Includes  terms  and  definitions, 
sources  and  effects  of  EMI,  some  design  and  testing 
considerations,  concepts  of  retrofits  and  the  finan¬ 
cial  impact  of  cost-effective  planning. 

Guidelines  for  the  Use  of  MIL-STD-464,  Inter¬ 
face  Standard  for  System  Electromagnetic  Envi¬ 
ronmental  Effects  Requirements 

This  seminar  explains  the  evolution  of  MIL-STD- 
464  and  the  new  system  level  E3  requirements  it 
mandates.  The  seminar  details  the  baseline  re¬ 
quirements  of  the  new  specification  and  covers  the 
E3  interface  and  performance  requirements,  and 
verification  requirements  for  airborne,  sea,  space 
and  ground  systems,  including  ordnance.  The  ef¬ 
fects  of  the  increasing  use  of  commercial  items  and 
NDI  in  military  operational  environments  is  also 
discussed. 

4.  SUMMARY 

Awareness  of  these  topics  in  the  engineering,  tech¬ 
nical  and  programmatic  communities  will  lead  to 
reducing  incidents  of  EMI. 
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1.  ABSTRACT 

Racjio  and  telecommunication  testing  issues  have 
always  been  a  part  of  ETSI  work,  especially  in  the 
field  of  EMC.  For  radio  and  telecommunication 
equipment  generally  the  requirements  of  the 
R&TTE  Directive  1999/5/EC  p]  have  to  be  fulfilled 
before  introducing  new  radio  products  into  the 
European  market.  Additionally  there  are  product 
specific  Council  Directives,  which  have  to  be 
applied,  when  a  product  falls  under  their  particular 
scope.  For  radio  and  telecommunication 
equipment  and  their  ancillary  equipment  intended 
for  installation  into  vehicles  the  requirements  of  the 
automotive  directive  95/54/EC  [2]  need  to  be 
considered.  This  paper  describes  the  activities  of 
ETSI  ERM  Task  Group  4  to  minimise  practical 
problems  in  the  application  of  Council  Directive 
95/54/EC  on  radio  communication  equipment. 


2.  INTRODUCTION 

The  number  of  wireless  data  systems,  radio 
communication  equipment  and  telematic  traffic 
systems  designed  for  the  installation  into  vehicles 
have  increased  heavily  in  the  last  years.  Basically 
there  are  terrestrial  mobile  systems  (e.g.  GSM, 
TETRA,  D-AMPS),  two-way  satellite 
communication  systems  (e.g.  Globalstar, 
INMARSAT),  broadcast  receivers  (e.g.  GPS,  FM 
radio)  providing  the  driver  of  a  vehicle  with  a 
variety  of  useful  services  (e.g.  traffic  information, 
emergency  services,  entertainment).  This 
development  will  even  go  on  with  several  new 
technologies  (e.g.  UMTS,  WAP,  Bluetooth)  making 
available  additional  value  added  services  to  the 
customer  in  the  near  future. 

In  the  area  of  EMC  for  the  systems  above,  two 
product  specific  Directives  have  to  be  taken  into 
account:  the  R&TTE  Directive  and  the  automotive 
EMC  directive.  (Fig.  1 .).  Both  vertical  Directives  are 
designed  to  ensure  electromagnetic  compatibility. 


but  due  to  the  different  history  and  evolution  of  the 
two  Directives  there  are  great  differences  in  type 
approval  process  and  measurement  methods. 


Fig.1:  Selection  of  Council  Directives  covering 
EMC 


3.  COMPARISON  OF  AUTOMOTIVE  EMC  AND 
R&TTE  DIRECTIVE 

The  general  horizontal  EMC  Directive  89/336/EEC 
[3]  (Fig.  1)  states  that  where  a  vertical  Directive  for 
a  specific  product  exists,  then  this  should  take 
precedence.  Based  on  the  Directive  72/245/EEC 
[5]  dealing  with  the  interference  of  ignition  systems 
the  Directive  95/54/EC  was  created  to  modify  the 
existing  directive  to  become  a  product-specific 
Directive.  The  aim  was  to  define  a  minimum  set  of 
EMC  requirements  needed  for  the  certification  of  a 
vehicle  or  independent  technical  unit  intended  for 
fitment  into  vehicles. 

Contrary  to  ‘new  approach’  Directives  like  R&TTE 
which  focus  on  the  objectives  and  the  necessary 
type  approval  procedures,  the  automotive  EMC 
Directive  was  designed  as  an  'old  approach’ 
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Directive  including  all  technical  specifications  like 
test  methods  and  limits  (e.g.  Fig.  2  and  Fig.  3). 

'New  approach'  Directives  (e.g.  89/336/EEC, 
1999/5/EC)  use  harmonised  Standards  (e.g.  EN 
55022  [6])  to  define  the  testing  methods  and  limits 
with  the  advantage  of  more  flexibility  to  adapt  the 
objectives  to  different  product  types  and  technical 
evolutions. 


L/db|jV 


Fig.  2:  Emission  requirements  in  95/54/EC: 
Limit  Broadband 


Fig.  3:  Emission  requirements  in  95/54/EC: 
Limit  Narrowband 


The  Directive  95/54/EC  applies  to  all  vehicles  and 
their  components,  which  come  under  the  scope  of 
the  framework  directive  70/156/EEC  [7]  (amended 
by  92/53/EEC  [8]).  These  covers  vehicles,  which 
have  a  maximum  speed  exceeding  25  km/h,  4  or 
more  wheels  and  are  intended  for  use  on  public 
roads.  Vehicle  trailers  are  included  in  the 
framework,  but  agricultural  tractors,  mobile 
machinery  and  vehicles,  which  run  on  rails,  are 
excluded. 

For  the  certification  of  a  vehicle  or  an 
electric/electronic  subassembly  (ESA)  it  is 


mandatory  to  include  a  competent  authority.  The 
directive  allows  the  certification  of  a  vehicle  either 
by  testing  the  complete  vehicle  or  by  testing  all 
relevant  independent  components.  Vehicles 
certified  to  Directive  95/54/EC  will  require  an  ‘e’- 
marking  incorporating  a  reference  number,  which 
identifies  the  Member  State  that  has  granted  the 
type-approval,  the  amendment  number  of  the 
directive  and  the  unique  reference  number  of  the 
type  approval  certificate. 

The  R&TTE  Directive  gives  the  possibility  of  four 
different  type  approval  routes  based  in  principle  on 
a  technical  documentation  and  the  presumption  of 
conformity  to  harmonised  standards.  The 
manufacturer  can  choose  the  procedure.  E.g.  by 
implementing  and  maintaining  a  full  quality 
management  system  certified  by  a  notified  body 
the  manufacturer  is  allowed  to  issue  declaration  of 
conformity  for  a  product  if  harmonised  standards 
are  applied.  This  leads  to  the  consequence  that 
manufacturer  has  the  complete  responsibility  of 
introducing  new  products  into  the  market  with  the 
advantage  of  better  flexibility  and  more  accurate 
timing.  A  radio-transmitting  product,  which  is  in 
conformity  with  the  R&TTE  directive,  must  bear  a 
‘CE'-mark. 


4.  PROBLEM  FIELDS 

Due  to  the  fact  that  the  Directive  95/54/EC  was 
designed  in  principal  for  the  type  approval  of 
vehicles,  several  different  product  specific 
characteristics  of  radio  transmitters  are  not 
explicitly  defined  in  this  Directive.  This  leads  to 
different  interpretations  of  the  requirements  either 
by  vehicle  and  radio  equipment  manufacturers, 
competent  authorities  and  technical  services  (test 
laboratories).  Especially  in  case  of  aflenmarket 
products  this  may  result  in  potential  difficulties  to 
enter  the  EU  market.  Additional  there  are  overlaps 
in  the  Directives  resulting  in  different,  duplicated 
test  methods  for  same  protection  objectives. 

One  specific  clause  (Annex  I,  article  4.3.2.3)  of  the 
Directive  95/54/EC  requires  the  vehicle 
manufacturer  to  define  the  maximum  power  which 
may  be  used  by  a  transmitter  installed  in  the 
vehicle,  if  requested  by  a  competent  authority.  Due 
to  the  fact  that  digital  mobile  communication 
networks  are  designed  to  interoperate  with 
transmitters  using  defined  power  levels,  any 
modification  of  the  levels  will  harm  the  functionality 
of  such  a  system. 

The  use  of  mobile  communications  devices  in 
vehicles  is  becoming  more  and  more  a  part  of  our 
daily  live,  e.g.  the  use  of  mobile  phones  in  the 
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backseats  of  taxis  is  a  common  known  everyday 
event.  Some  not  unambiguous  ciauses  set  out  in 
the  Directive  95/54/EC  can  lead  to  interpretations, 
which  are  in  contradiction  with  the  requirements  of 
the  users  of  mobile  communication  equipment, 
such  as  businessmen,  policemen,  fire  brigade, 
emergency  and  security  services. 


5.  SOLUTIONS 

ETSI  ERM  established  a  joint  working  group  with 
ACEA  (European  Automobile  Manufacturers 
Association)  in  1998  to  agree  on  common 
interpretation  and  application  of  the  automotive 
EMC  Directive  concerning  radio  products.  The 
issue  has  been  driven  and  co-ordinated  by  a  Task 
Group  founded  inside  the  committee  for  this 
special  purpose  (TG4  ‘automotive  directive*). 

Different  activities  were  initiated  through  the 
working  groups  like  the  development  of  'EMC 
guidelines  for  installation  of  aftermarket  radio 
frequency  transmitting  equipment  in  road  vehicles’ 
by  ISO  (International  Standardisation  Organisation; 
responsible  working  group  ISO  TC  22/SC3/WG3). 

One  major  target  was  to  ensure  that  EMC  tests 
should  be  performed  just  once  to  meet  the 
objectives  of  both  Directives.  Several  discussions 
with  the  European  Commission  resulted  in  the 
decision  of  DG  (Direction  G6n6rale)  Enterprise  / 
Vehicle  department  to  set  up  a  study  on  the 
application  of  Directive  95/54/EC,  especially 
considering  aftermarket  products. 

The  study  was  launched  in  April  2000  and  is 
supported  by  ETSI,  ACEA,  CLEPA  (car  suppliers’ 
association)  and  EACEM  (consumer  electronics 
manufacturers  association). 


5.  CONCLUSION 

The  study  of  the  European  commission  on  the 
Directive  95/54/EC  will  try  to  identify  the  problems 
of  all  concerned  industries  and  competent  Services 
in  application  of  the  latter  Directive.  Based  on  the 
results,  which  are  expected  for  autumn  2000  a 
decision  will  be  taken  by  the  EU  Commission,  if 
changes,  amendments  or  an  additional 
interpretation  is  necessary  for  clarification.  The 
working  group  ETSI  ERM  TG4  will  accompany  the 
activities. 
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The  maritime  community  is  inherently  truly  global 
and  therefore  dependent  on  international 
agreements  and  regulations.  ETSI  is  playing  an 
important  role  in  this  work  by  preparing  EMC 
standards  for  maritime  equipment  in  accordance 
with  relevant  European  Directives  as  well  as 
International  requirements  and  recommendations 
and  in  co-operation  with  other  international 
standardisation  organisations. 


1.  INTRODUCTION 

The  maritime  world  is  by  nature  truly  international 
and  the  maritime  community  embraces  most 
countries  with  a  sea  shore  and  even  some  land 
locked  countries. 

The  global  nature  of  the  maritime  world  has 
necessitated  international  agreements  and  the 
maritime  community  consists  of  a  number  of 
international  organisations.  As  for 

telecommunications,  this  is  indicated  as  up  to 
recently,  more  than  90  %  of  ITU's  Radio 
Regulations  [1]  concerned  maritime  frequency 
matters,  technical  parameters  and  operational 
procedures  for  maritime  communications,  and  the 
International  Maritime  Organization  (IMO),  which 
today  is  the  United  Nations'  special  agency  on 
maritime  safety  matters,  has  roots  back  to  the  very 
beginning  of  last  century. 

The  environment  on  board  a  ship  is  a  closed  world 
with  a  large  number  of  electrical  and  electronic 
equipment  and  has  experienced  EMI  and  EMC 


problems  long  before  these  topics  were  as  clearly 
identified  as  they  are  today. 


2.  MARITIME  EMC 

2.1  GENERAL 

The  nature  of  maritime  EMC  is  not  in  principle 
different  from  other  EMC  environments,  but  the 
EMC  sensitive  elements  are  packed  closely 
together  and  some  of  the  element  parameters  are 
large:  A  ship  may  well  have  generators  producing 
2  MW,  consumer  elements  may  often  consume 
400  kW,  HF  transmitters  have  generally  2  kW 
output  power  and  radar  transmitters  may  have 
pulse  powers  of  several  hundred  kW. 

The  sensitivity  of  a  radio  receiver  may  be  around 
1  pV  and  a  radar  installation  may  have  sensitivity 
of  - 100  dBm. 

In  addition  to  the  fact  that  the  dynamic  power 
range  of  such  installations  may  be  more  than  190 
dB,  malfunctioning  of  the  system  may  seriously 
jeopardise  the  safety  of  shipping  as  well  as  the 
safety  of  life  at  sea. 


2.2  IMO  REQUIREMENTS  ON  EMC 

Already  for  many  years,  IMO  has  required  that  all 
reasonable  and  practicable  steps  should  be  taken 
to  ensure  electromagnetic  compatibility  between 
any  equipment  concerned  and  other  mandatory 
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radio  communication  and  navigational  equipment 
carried  on  board.  Lately.  IMO  has  recognised  the 
need  to  prepare  standards  on  EMC  for  all 
electrical  and  electronic  ship's  equipment  to 
ensure  the  operational  reliability  of  such 
equipment  and  is  inviting  Governments  to  ensure 
that  all  ship’s  electrical  and  electronic  equipment 
are  tested  to  relevant  EMC  standards,  cf.  IMO 
Resolution  A.813(19)  [2], 


2.3  LEVEL  OF  EMI  ON  BOARD  SHIPS 

To  indicate  the  levels  of  interference  that  may  be 
found  on  board  ships,  Figure  1  shows  the  radiated 
noise  pattern  from  an  alternator  and  Figure  2 
shows  the  radiated  noise  from  a  9  GHz  radar 
installation. 
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Typical  alternator  radiated  noise  pattern. 


Fig.  1 


Typical  radiated  noise  level  from  a  radar  installation. 

Fig.  2 


as  well  as  in  a  special  task  group  on  maritime 
EMC  (TG5). 

Up  to  now,  requirements  for  each  category  of 
maritime  radio  equipment  have  been  included  in 
two  separate  standards,  one  with  radio  related 
requirements  and  one  with  EMC  requirements. 
This  has  lead  to  a  large  number  of  standards 
where  the  different  EMC  standards  only  had  minor 
differences.  TG5  was  set  up  in  order  to  identify 
and  systemise  the  maritime  EMC  requirements 
and  propose  actions  to  reduce  the  number  of 
standards. 

TG5  has  prepared  a  draft  ETSI  Guide  concerning 
EMC  requirements  in  maritime  standards.  The 
Guide  is  intended  to  have  two  purposes: 

serve  as  a  single,  general  source 
containing  all  maritime  EMC  requirements 
that  may  be  relevant  when  preparing 
maritime  EMC  standards 

give  guidance  how  to  prepare  standards 
for  maritime  radio  equipment  that  combine 
EMC  and  radio  technical  requirements  in 
one  standard  (integrated  standard) 

The  Guide  describes  how  integrated  standards 
combining  EMC  and  radio  technical  requirements 
may  be  structured.  Further,  the  Guide  describes 
the  sequence  of  tests  and  tables  all  relevant  EMC 
requirements. 

Although  an  integrated  standard  amalgamates 
both  the  radio  technical  and  EMC  requirements,  all 
EMC  requirements  are  still  easily  identifiable  as 
both  the  EMC  and  the  radio  parameters  are  put  in 
different,  dedicated  clauses. 

Technical  requirements  related  to  the  antenna  port 
of  a  radio  equipment  are  found  in  the  radio 
technical  part  of  an  integrated  standard  and  the 
EMC  part  contains  technical  requirements  related 
to  the  other  ports  of  an  equipment  (classical  EMC 
parameters). 

The  Guide  contains  also  a  library  of  proposed  text 
modules  for  different  EMC  measurements  where  it 
is  the  intention  that  relevant  text  modules  may  be 
used  directly  in  an  integrated  standard. 


3.  ETSI's  WORK  WITH  MARITIME  EMC 

ETSI's  work  with  maritime  EMC  is  taking  place  in 
the  technical  committee  for  electromagnetic 
compatibility  and  radio  spectrum  matters  (TC 
ERM)  and  in  its  sub-groups  WG  EMC  and  RP-01 


4.  CO-OPERATION  WITH  lEC/CENELEC 

ETSI  is  co-operating  with  lEC/CENELEC  through  a 
co-operation  agreement  of  1995.  The  purpose  of 
this  agreement  is  to  ensure  maximum  coherence 
between  ETSI  and  lEC  standards,  to  avoid 
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duplication  of  standardisation  activities  between 
ETSI,  lEC  and  CENELEC  and  to  promote  further 
co-operation  in  the  standardisation  processes. 

As  for  maritime  equipment,  ETSI  is  responsible  for 
preparing  standards  for  radio  communications 
equipment  while  CENELEC  (lEC)  shall  prepare 
standards  for  maritime  navigational  equipment. 
The  standards  should  include  both  radio  technical 
and  EMC  requirements. 

When  ETSI  prepares  EMC  standards  for  maritime 
equipment,  due  considerations  are  given  to  the 
CENELEC/IEC  standard  60945  [3]  which  is  a  basic 
product  family  standard  for  maritime  radio 
equipment  with  general  requirements  for  both 
communication  and  navigation  equipment 


5.  ETSI's  MARITIME  EMC  STANDARDS 

5.1  MARINE  EQUIPMENT  DIRECTIVE 

The  EU  Directive  on  marine  equipment  (96/98/EC 
(4]  as  amended)  is  applicable  for  ships  subject  to 
the  IMO  SOLAS  Convention  (generally  ships 
above  300  tons  in  international  trade).  This 
Directive  states  clearly  that  such  equipment  shall 
be  subject  only  to  that  Directive  and  it  excludes  all 
other  directives,  like  the  EMC  Directive  [5]. 

Based  on  the  ETSI  Guide  concerning  maritime 
EMC  requirements,  singie  integrated  standards  for 
maritime  equipment  subject  to  the  Marine 
Directive  may  be  prepared. 


5.2  R&TTE  DIRECTIVE 

Maritime  radio  equipment  which  falls  outside  the 
Marine  Directive,  are  subject  to  the  R&TTE 
Directive  [6].  For  such  equipment,  a  standard 
should  distinguish  between  the  different  categories 
of  requirements,  however,  all  requirements  may 
still  be  contained  in  one  standard  if  the  EMC 
requirements  are  clearly  identifiable. 


6.  MARITIME  EMC  REQUIREMENTS 

The  relevant  EMC  requirements  for  maritime 
communication  equipment  are  listed  in  the  ETSI 
Guide  and  includes  the  following  technical 
parameters; 

6.1  EMC  radiated  emissions  for  ancillary 
equipment  which  are  measured  in  the 
frequency  range  30  MHz  to  1  GHz 


6.2  Conducted  emissions  on  the  power  ports 
that  are  measured  in  the  frequency  range 
10  kHz  to  30  MHz 

6.3  RF  electromagnetic  immunity  tests  that 
are  carried  out  in  the  frequency  range  80 
MHz  to  1  GHz.  The  test  level  is  10  V/m 

6.4  Immunity  against  electrostatic  discharge 

that  are  measured  with  6  kV  contact 
discharge  and  8  kV  air  discharge 

6.5  Immunity  against  fast  transients  on  the 

power  lines  that  are  measured  a  number 
of  15  ms  bursts  with  2  kV  test  level 

6.6  Immunity  against  conducted  disturbances 

that  are  measured  with  radio  frequencies 
applied  on  the  power  ports.  In  some 
frequency  bands,  the  test  signal  level  is 
1 0  V  rms 

6.7  Immunity  against  short  term  power  supply 
variations  that  are  tested  with  variations  in 
the  supply  voltage  of  ±  20  V 

6.8  Immunity  against  power  supply  failure  that 
is  tested  with  a  power  supply  break  of  60  s 

6.9  With  a  0,5  kV  line-to-line  and  a  1  kV  line- 
to-ground  voltage  added  on  the  power 
supply,  the  immunity  against  surges  are 
tested 


7.  CONCLUSIONS 

Standards  for  maritime  EMC  are  of  essential 
importance  for  international  shipping  and  for  safety 
of  life  at  sea.  The  EMC  requirements  in  the 
standards  prepared  by  ETSI  have  been  selected  to 
ensure  an  adequate  level  of  compatibility  for 
apparatus  intended  to  be  used  in  maritime 
environments. 
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Bacchus  was  born  from  the  leg  (more  precisely  the 
thigh)  of  Jupiter  ...as  also  happened  with  ETSI...  ever 
since,  CEPT  and  ETSI  have  been  enjoying  parallel  lives. 

This  paper,  relating  to  a  series  of  presentations  for  a 
dedicated  session,  provides  a  simplistic  picture  of  both 
ETSI  and  CEPT/ERC,  In  order  to  focus  specifically  on 
the  relations  between  these  two  organisations,  in  their 
Joint  effort  to  support  the  definition  and  use  of  radio 
equipment. 

1.  INTRODUCTION 

ETSI  is  one  of  the  Standards  Organisations  recog¬ 
nised  by  the  European  Commission. 

Among  Its  "Technical  Bodies",  a  number  are  dealing 
with  radio  products.  Obviously,  such  products  require 
spectral  resources  for  their  normal  operation.  Their 
design  may  be  depending  on  the  resources  made  avail¬ 
able  ...  by  CEPT;  conversely,  the  spectrum  allocations 
may  depend  on  market  needs,  which  to  a  certain  extend 
may  be  best  known  by  some  of  the  typical  ETSI 
members  such  as  operators,  manufacturers  and  users 
(which  are  not  "CEPT  members"). 

As  a  result  a  very  close  co-operation  Is  required 
between  ETSI  and  CEPT  in  order  to  enhance  efficiency 
in  the  use  of  the  radio  spectrum.  One  of  the  Working 
Groups  of  TC-ERM,  WG  ERM  -  RM,  Is  responsible 
(from  the  ETSI  side)  for  the  Interface  between  these  two 
organisations. 


After  a  brief  presentation  of  the  two  organisations, 
this  paper  will  focus  on  the  role  of  ETSI  WG  ERM  -  RM 
in  the  relations  between  the  two  organisations  and  the 
methods  used;  the  full  terms  of  reference  and  working 
procedures  of  the  WG  are  provided  in  an  annex. 

2.  THE  PARTNERS 

Their  names  have  already  been  identified,  but 
further  details  are  necessary  in  order  to  allow  for  a  clear 
understanding  of  the  mechanisms  and  of  the  relations 
between  them  (and  also  of  the  problems  these 
relations,  in  turn,  may  generate). 

2.1.  ETSI 

ETSI  was  born  at  the  end  of  the  eighties  (It  is  just 
over  10  years  now)  when  a  number  of  standardisation 
work  items  were  brought  over  from  CEPT  (e.g.  GSM). 

Its  structure  has  hopefully  been  made  clear  in  other 
papers  ...  In  short,  it  is  an  association  under  French  law 
(the  so  called  "1901  Law")  having  a  very  wide  member¬ 
ship  and  where  a  significant  number  of  Technical 
Bodies  (TBs),  Technical  Committees  (TCs)  and  ETSI 
Projects  (EPs),  prepare,  among  others,  a  variety  of 
types  of  standards  (ENs,  ESs,  etc)  for  the  benefit  of  the 
Telecommunications  Community. 

TBs  often  have  Working  Groups  to  support  their 
activities.  Among  them,  WG  RM  (Radio  Matters)  which 
is  often  quoted  in  this  paper.  WG  RM  reports  to  TC- 
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ERM  (the  TC  dealing  with  Electro  Magnetic  Compati¬ 
bility  and  Radio  Spectrum  Matters). 

Further  information  concerning  ETSI  may  be  found 
in  the  ETSI  web  site  :  http://www.etsi.ora  . 

2.2.  ERC 

CEPT,  the  European  Conference  of  Postal  and  Tele¬ 
communications  Administrations  has  some  43  Mem¬ 
bers;  Poland  is  one  of  them.  Its  legal  basis  is  also  close 
to  those  of  an  association. 

The  European  Radiocommunicatlons  Committee 
(ERC)  is  clearly  the  more  relevant  committee  of  CEPT 
for  the  area  of  radiocommunications,  while  other 
committees  handle  topics  such  as  telecommunications 
In  general;  satellite  communications  are  also  covered 
by  CEPT. 

ERC  has  three  permanent  Working  Groups  (FM,  SE 
and  RR  as  shown  in  the  diagram  below),  and  a  number 
of  other  groups  and  Task  Groups  (TGs). 

Among  the  usual  outputs  of  the  work  and  decisions 
reached  by  ERC  are  Recommendations,  Reports  and 
Decisions. 

“CEPT  Decisions”  are  binding  for  the  Administrations 
that  have  indicated  their  intention  to  follow  them, 

WG  ERM  -  RM  has  a  closer  co-operation  with  these 
3  permanent  groups  as  well  as  with  TG1  (which  focus 
on  UMTS)  and  CPG  (which  focus  on  the  WRC 
Conference). 

CPG  and  TG1  are  more  task  oriented,  while  FM,  SE 
and  RR  are  "horizontal”  groups. 

CEPT  and  ERC 


FM  is  the  Working  Group  responsible,  among 
others,  for  the  decisions  concerning  frequencies.  These 
are  to  be  harmonised  across  Europe,  but  at  the 
moment,  this  is  not,  unfortunately,  always  the  case... 


Its  decisions  are  often  based  on  technical  analysis 
performed  by  SE:  the  Spectrum  Engineering  WG. 

As  it  is  indicated  by  its  name,  RR  deals  with 
Regulations  ...  and  Is  at  the  moment  quite  busy  with  the 
effects  of  the  implementation  in  Europe  of  the  R&TTE 
Directive  (within  the  European  Community,  It  is 
mandatory  for  all  Members  States  to  implement  all  the 
Directives). 

The  work  of  ERC  is  supported  by  a  permanent 
organisation,  the  European  Radiocommunications 
Office  (ERO).  ERO  Is  providing  support  to  ERC  (e.g. 
defining  and  maintaining  a  number  of  databases  and 
servers)  but  also  has  Its  own  activities,  including  studies 
and  surveys. 

Further  information  on  ERC  and  ERO  can  be  found 
in  the  ERO  web  site:  http://www.ero.dk. 

3.  THE  ROLE  OF  WG  ERM  -  RM 

The  need  for  a  close  co-operation  had  been  Identi¬ 
fied  since  day  one;  it  has  been  materialised  by  the 
signature  of  a  Memorandum  of  Understanding  (MoU) 
between  the  two  organisations. 

Furthermore,  most  (if  not  all)  of  the  Administrations 
members  of  CEPT  are  also  ETSI  members,  so  a  num¬ 
ber  of  participants  in  ERC  meetings  are  also  participa¬ 
ting  in  ETSI  meetings;  but  the  responsibilities  are  dif¬ 
ferent,  even  when  the  topics  discussed  are  related. 

ETSI  having  both  a  vertical  (EPs)  and  horizontal 
structure  (TCs),  one  of  the  task  of  RM  is  to  convert 
these  vertical  and  possibly  conflicting  flows  of  infor¬ 
mation  and  views  into,  hopefully,  some  more  homo¬ 
geneous  material  usable  by  the  various  ERC  bodies 
(typically  horizontal).  The  difference  of  structure 
between  ETSI  and  ERC  (there  are  not  many  horizontal 
TBs  within  ETSI)  make  this  interface  particularly 
important  and  difficult  to  handle. 

In  these  relations,  ETSI  is  often  the  body  asking  for 
frequencies  (for  new  products  and  services,  handled  by 
one  of  the  various  TBs)  and  ERC  is  the  body  trying  to 
find  resources  (frequency  bands)  which  have  to  fit  in  an 
already  overcrowded  spectrum... 

In  return,  ERC  may  request  technical  constraints  for 
equipment  using  such  or  such  frequency  band,  e.g.  for 
co-existence  and/or  compatibility  purposes. 

In  order  for  such  iteration  process  to  converge 
quickly,  fast  routes  are  required! 

4,  METHODS  AND  PEOPLE 

In  order  to  facilitate  this  process,  the  following 
methods  are  generally  used: 

-  the  requests  originated  in  ETSI  are  often  supported 

by  a  brief  description  of  the  proposal  and  of  the 
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corresponding  needs  in  terms  of  spectrum,  the 
System  Reference  Document  (the  SRDoc),  which  Is 
easier  to  handle  and  has  a  broader  scope  than  the 
corresponding  Draft  Standard  ; 

-  these  request  are  usually  sent  using  “Liaison  State¬ 
ments”  (LSs) ; 

-  the  liaison  statements  are  supported  by  the  RM  Liai¬ 
son  Officers  (LOs  have  been  nominated  so  far  for 
liaison  with  FM,  SE,  RR,  CPG  and  TG1);  LOs  attend 
regularly  the  corresponding  meetings  ; 

-  the  Liaison  Officers  (LOs)  are  expected  to  present 
(only)  harmonised  ETSI  views  ; 

-  the  Liaison  Officers  can  be  assisted,  as  needed,  by 
experts  from  the  appropriate  TB(s). 

The  Chairman  of  WG  RM  is  also  a  regular  partici¬ 
pant  in  the  ERC  committee  meetings. 

A  number  of  SRDocs  have  been  made  available  so 
far,  based  on  a  model  SRDoc  drafted  by  RM  and  pub¬ 
lished  by  ETSI  as  an  ETSI  Report  (TR  101  788). 

Typically,  the  TB  in  charge  of  the  topic  drafts 
SRDocs.  WG  RM  subsequently  offers  them  for 
approval.  At  that  time,  the  views  of  the  TB  in  charge  are 
confronted  with  the  views  of  the  representatives  of  other 
TBs,  which  may  also  have  (diverging)  Interests  for  the 
same  spectrum.  From  the  confrontation  will  hopefully 
rise  an  ETSI  harmonised  view... 

More  technical  debates  may  also  occur  in  WG  RM 
when  technical  requirements  relating  to  a  certain  type  of 
equipment  or  technology  are  in  conflict  with  the  needs 
or  interest  of  others.  In  such  case,  co-operation  with 
WG  SE  of  ERC  can  also  be  very  fruitful.  WG  SE  and  its 
Project  Teams  (PTs)  have  carried  out  a  number  of 
compatibility  studies,  in  particular  for  systems  operating 
in  adjacent  bands  (e.g.  in  SE  7). 

The  end  result  of  such  technical  work  is  normally 
two  fold: 

-  publication  by  CEPT  of  Decisions  and/or  Recom¬ 
mendations  as  appropriate ; 

-  publication  by  ETSI  of  the  Standard(s)  for  the  cor¬ 
responding  products. 

Last  but  not  least,  it  has  to  be  noted  that  there  are 
also  regular  meetings  between  ERC  and  ETSI. 

Such  meetings  focus  normally  on  general  questions, 
while  WG  RM  addresses  normally  the  technical  issues. 

5.  CONCLUSIONS 

This  paper  has  briefly  presented  the  flow  of  infor¬ 
mation  across  the  interface  between  ERC  and  ETSI  and 
its  implications. 

However,  It  has  to  be  made  clear  that  both  organi¬ 
sations  are  quite  fast  moving  universes  and  that  the 


legislation  in  the  European  Community  may  also 
change  quite  fast. 

As  a  result,  it  has  to  be  noted  that  the  interface  has 
to  be  adapted  and  adjusted  every  day  to  the  evolution  of 
the  various  roles  and  needs... 

This  paper  tried  to  briefly  present  to-day's  situ¬ 
ation... 

ANNEXES 

A.1  TERMS  OF  REFERENCE 

In  order  to  provide  the  full  visibility  of  this  interface,  the 

terms  of  reference  of 

“WORKING  GROUP  RADIO  MATTERS  (RM) 

OF  THE  ETSI  TECHNICAL  COMMITTEE 
EMC  AND  RADIO  SPECTRUM  MATTERS  (ERM)" 

have  been  provided  here  after. 

RESPONSIBILITY 

•  On  behalf  of  TC  ERM,  WG  RM  Is  responsible  for 
spectrum  parameters  in  ETSI  deliverables  in  order 
to  ensure  the  efficient  use  of  the  radio  spectrum  and 
inter-system  compatibility. 

•  WG  RM  administers  the  CEPT  ERC  /  ETSI  MoU  on 
behalf  of  ETSI. 

•  WG  RM  co-ordinates  the  ETSI  positions  on  the 
efficient  use  of  the  radio  spectrum  and  on  spectrum 
allocations. 

•  WG  RM  acts  on  behalf  of  TC  ERM  as  the  formal 
ETSI-interface  to  other  organisations  (e.g.  CEPT, 
EU,  ITU-R,  etc.)  relating  radio  spectrum  matters. 

AREAS  OF  ACTIVITY 

•  WG  RM  will  establish  a  close  liaison  and  an  inter¬ 
active  process  of  consultation  with  CEPT  ERC  and 
its  Working  Groups  FM,  SE,  RR  and  the  CPG  by  the 
nomination  of  Liaison  Officers  representing  ETSI 
views  in  meetings  of  these  committees. 

•  WG  RM  will,  from  the  beginning  and  for  the  duration 
of  the  standardisation  process,  establish  a  close  liai¬ 
son  with  the  ETSI  NBDG  and  the  ETSI  technical 
bodies  that  produce  standards  for  radio  equipment 
and  systems  by  requesting  the  nomination  of 
Experts  Rapporteurs  to  provide  liaison  with  the  RM 
Working  Group. 

•  WG  RM  will,  as  required,  convene  temporary  Task 
Groups  for  specific  work  Items,  e.  g.  to  review  and 
endorse  ETSI  deliverables  prior  to  Public  Enquiry. 

•  In  co-operation  with  ERC  WGs  and  other  special¬ 
ised  bodies,  WG  RM  will  prepare,  as  necessary, 
Technical  Reports  on  radio  spectrum  efficiency  and 
inter-system  compatibility. 

•  In  co-operation  with  external  specialised  bodies  (e.g. 
ERC),  WG  RM  will  act  as  ETSI  co-ordination  centre 
of  technical  expertise  in  the  field  of  radio  spectrum 
matters. 
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•  WG  RM  will  report  to  TC  ERM  on  Its  activities. 

To  achieve  the  above,  the  following  Working  Proce¬ 
dures  will  be  used. 

A.2  Working  Procedures  of  WG  RM 

To  improve  the  efficiency  of  the  execution  of  the  CEPT 
ERC/ETSI  MoU,  the  following  working  procedures 
apply: 

•  To  ensure  a  good  co-ordination  in  line  with  the 
CEPT  ERC/ETSI  MoU,  WG  RM  will  nominate 
Liaison  Officers  to  attend  the  ERC  and  ERC 
Working  Groups  meetings.  The  WG  RM  Chairman 
shall  represent  ETSI  views  in  the  ERC  and  the  WG 
RM  Vice-Chairmen  in  the  ERC  Working  Groups. 

•  WG  RM  will  require  the  appointment  of  expert{s) 
from  the  originating  ETSI  Technical  Bodies  pro¬ 
ducing  radio  standards.  These  will  act  as  expert 
rapporteurs  for  the  specific  work  programme,  e.g. 
radio  standards,  and  will  attend  the  relevant  ETSI 
WG  RM  and  ERC  Working  Group's  project  teams. 

•  The  aforementioned  expert  rapporteurs  from  the 
ETSI  bodies  should  participate  in  any  task  group 
that  WG  RM  may  establish  for  the  purpose  of 
reviewing  and  endorsing  radio  parameters  con¬ 
tained  in  radio  standards  which  those  ETSI  bodies 
may  be  developing. 

•  In  order  to  co-ordinate  the  spectrum  demand  and 
ensure  inter-system  compatibility,  WG  RM: 

will  require  from  the  originating  ETSI  Technical 
bodies  and  as  soon  as  a  new  Work  Item  using 
radio  technology  is  proposed,  a  'System  Refer¬ 
ence  Document'  giving  the  working  assump¬ 
tions  as  required  by  the  CEPT  ERC/ETSI  MoU 
(see  section  3.2); 

will  then  circulate  the  'System  Reference  Docu¬ 
ment’  among  all  ETSI  bodies  involved  for 
potential  comments. 

The  'System  Reference  Document’  for  which  a  frame¬ 
work  template  will  be  defined  by  WG  RM.  will  include  as 
a  minimum: 

A  System  Description,  e.g.  the  type  of  service, 
the  traffic  evaluation  etc; 

Information  on  key  spectrum  parameters  e.g. 
RF  power,  bandwidth,  access  method,  pro¬ 
posed  frequency  bands  and  channel  arrange¬ 
ment  etc. 

In  case  of  conflict,  WG  RM  will  manage  the  co-ordi¬ 
nation  to  achieve  a  consensus.  If  no  consensus  can  be 
achieved,  the  issue  Is  deferred  to  TC-ERM  for  final 
decision. 

If  no  problem  is  detected,  WG  RM  will  then  supply  the 
approved  ‘System  Reference  Document’  and  other  rele¬ 
vant  Information  to  CEPT  ERC.  This  documentation  will 
start  the  subsequent  co-ordination  activities  between 
ETSI  WG  RM  and  ERC  according  to  sections  3.5  and 
3.6  of  the  CEPT  ERC/ETSI  MoU. 


•  To  facilitate  an  efficient  bi-directional  co-ordination 
between  ETSI  and  ERC,  ETSI  will  encourage  the 
ERC  to  nominate  responsible  persons  on  the  spe¬ 
cific  issues  identified  by  WG  RM. 

•  Progress  on  the  co-ordination  activities  with  ERC 
will  be  reported  to  WG  RM  by  the  ETSI  Liaison 
Officers. 

•  A  work  plan,  which  identifies  and  tracks  the 
progress  on  specific  radio  issues  will  be  handled  by 
WG  RM. 

The  outcome  of  the  above-mentioned  joint  CEPT/ETSI 
co-ordinated  studies  and  activities  will  result  in  co¬ 
ordinated  ETSI  deliverables  and  CEPT  ERC  Recom¬ 
mendations  and  Decisions. 
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The  telecommunications  market  is  innovative  and 
dynamic.  It  has  seen  far-reaching  changes  in  the  last 
decade  in  terms  of  technical  evolution,  convergence  of 
markets  and  developments  at  the  political  level. 

This  paper  provides  a  summary  of  how  ETSI,  the 
European  body  which  sets  technical  standards  in  this 
sector,  has  optimised  its  working  methods  to  serve  the 
needs  of  this  fast-moving  market. 

1.  INTRODUCTION 

1.1.  The  Telecommunications  Market 

The  last  decade  has  seen  far-reaching  changes  in 
the  telecommunications  market  place.  A  combination  of 
technical  Innovation  and  changes  to  the  international 
regulatory  environment  have  brought  telecommuni¬ 
cations  products  and  services  within  the  reach  of  more 
customers  than  seen  before. 

This  decade  has  seen  explosive  growth  in  the  use  of 
the  Internet  and  the  use  of  mobile  communications. 
Users  demand  rapid  access  to  up-to-date  information 
and  communications  facilities  from  their  offices  and 
their  homes,  and  expect  similar  facilities  when  on  the 
move. 

The  telecommunications  sector  used  to  be  domi¬ 
nated  by  national  telecommunications  operators  who 
had  a  monopoly  within  their  national  territories.  Most 
European  countries  are  now  open  to  competition  for 
traditional  communications  services,  and  we  see  an 
increasing  number  of  operators  offering  mobile  tele¬ 
phony  Internet  services. 

On  a  technology  level,  the  use  of  software  in  net¬ 
works  and  in  terminals  is  increasing.  Technical  inno¬ 


vations  can  therefore  be  rapidly  deployed,  allowing  the 
end  user  to  benefit  from  advancing  technology  quickly. 

Industries  that  have  traditionally  been  separate  are 
finding  that  they  use  similar  technology  and  provide 
similar  services.  Incumbent  telecommunications  opera¬ 
tors  find  themselves  in  competition  with  cable  television 
broadcasters  and  electrical  power  operators  to  provide 
high-bandwidth  data  telecommunications  services  over 
their  existing  networks.  Broadcast  television  receivers 
give  access  to  interactive  multimedia  services.  Even 
traditional  white  goods  are  being  developed  which 
include  telecommunications  devices  in  order  to  be  inte¬ 
grated  into  a  home  environment. 

Such  a  dynamic  marketplace  requires  a  standards 
body,  which  is  capable  of  reacting  rapidly  to  market, 
needs  and  is  flexible  in  its  approach.  This  paper 
describes  the  activities  of  ETSI,  which  is  the  European 
body,  which  sets  the  standards  for  this  sector  and  how 
it  is  optimised  its  organisation  to  provide  the  best 
service  in  the  most  efficient  way. 

2.  ETSI  ORGANISATION 

ETSI  is  an  association  of  members.  Membership  is 
open  to  any  organisation,  which  has  an  interest  in  the 
telecommunications  sector.  Most  ETSI  members  are 
national  administrations,  telecommunications  network 
operators  or  manufacturers.  However,  research  insti¬ 
tutes,  test  houses  and  trade  associations  also  join  ETSI 
and  take  full  part  in  its  activities. 

Being  a  member  of  ETSI  allows  an  organisation  to 
take  part  in  the  development  of  international  standards 
directly,  without  having  to  pass  via  a  national  standard¬ 
isation  organisation.  ETSI  full  membership  is  open  to 
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organisations  incorporated  in  a  CEPT  member  state; 
other  organisations  may  become  associate  members, 
with  the  same  rights  as  full  members  except  for  certain 
aspects  specific  to  European  activity. 


All  ETSI  members  have  the  right  to  attend  the 
General  Assembly,  the  highest  decision  making  body  of 
ETSI,  which  normally  meets  twice  per  year  (Spring  and 
Autumn).  ETSI  Board  members  are  elected  by  the  Gen¬ 
eral  Assembly  and  have  powers  specifically  delegated 
from  the  General  Assembly. 

The  technical  output  of  ETSI  is  developed  by  the 
Technical  Organisation,  a  group  of  Technical  Commit¬ 
tees,  ETSI  Projects  and  ETSI  Partnership  Projects  that 
are  responsible  for  specific  areas.  Each  technical  body 
operates  largely  independently,  and  Is  responsible  for 
the  approval  of  Its  own  output.  ETSI  members  (full  and 
associate)  may  send  representatives  on  a  voluntary 
basis  to  any  technical  body  and  directly  input  to  the 
technical  work. 

To  complement  the  voluntary  work  of  the  Technical 
Bodies,  ETSI  also  has  funds  to  employ  technical 
experts  on  a  temporary  basis  in  Specialist  Task  Forces 
to  carty  out  work  of  an  urgent  nature.  Specialist  Task 
Forces  are  funded  either  from  members'  contributions 
or  from  the  European  Commission.  They  are  managed 
by  the  ETSI  Secretariat  and  their  technical  output  is 
approved  by  one  or  more  technical  bodies. 

The  work  of  ETSI  is  supported  by  a  permanent  sec¬ 
retariat  of  about  100  staff  based  in  the  Technology  Park 
of  Sophia  Antipolis  in  southern  France. 

The  fact  that  players  in  the  telecommunications 
market  can  influence  ETSI  directly  at  both  the  manage¬ 
ment  level  and  the  technical  level  allows  ETSI  to 
maintain  an  clear  understanding  of  market  require¬ 
ments  and  to  react  quickly  to  developments. 

3,  TECHNICAL  OUTPUT 

The  objective  of  the  Institute  is  to  produce  and  per¬ 
form  the  maintenance  of  the  technical  standards  and 
other  deliverables,  which  are  required  by  its  members. 


As  a  recognised  European  standards  organisation, 
an  important  task  is  to  produce  and  perform  the  mainte¬ 
nance  of  the  technical  standards,  which  are  necessary 
to  achieve  a  large  unified  European  market  for  telecom¬ 
munications,  and  related  areas. 

The  technical  output  of  ETSI  is  in  the  form  of  docu¬ 
ments  of  the  following  types: 

•  European  Standards  (telecommunications  series) 
(EN) 

ENs  are  produced  by  the  relevant  technical 
bodies  and  submitted  to  public  approval  proce¬ 
dures  for  adoption  as  European  Standards.  The 
approval  procedures  may  include  a  phase  for 
public  comment.  ENs  is  adopted  by  a  vote  of 
national  representatives.  National  Standards 
Organisations  in  CEPT  countries  are  committed  to 
transpose  ENs  into  national  standards. 

The  public  approval  procedures  for  an  EN  give 
a  technical  document  a  formal  status  as  a 
European  Standard,  but  are  time-consuming  for  the 
telecommunications  sector,  which  requires  rapid 
technical  standardisation.  For  this  reason,  ETSI 
has  introduces  deliverables  which  are  developed  by 
the  same  technical  experts  who  develop  European 
Standards,  but  which  have  shorter  formal  proce¬ 
dures. 

•  ETSI  Standards  (ES)  and  ETSI  Guides  (EG) 

These  deliverables  are  developed  by  the  same 
ETSI  Technical  Bodies  as  develop  ENs,  and  so 
contain  the  same  level  of  technical  expertise.  Once 
completed  by  the  ETSI  Technical  Body  they  are 
submitted  to  a  60-day  vote  by  correspondence  of 
ETSI  members. 

•  Technical  Specifications  (TS)  and  Technical 

Reports  (TR) 

The  same  technical  bodies  that  develop  the 
other  ETSI  deliverables,  and  therefore  represent  the 
agreed  technical  view  of  the  relevant  experts  in  the 
field  also  produce  these  deliverables.  Once  agreed 
by  the  technical  body  they  are  published  by  ETSI. 

Technical  Specifications  and  Technical  Reports 
are  the  quickest  way  of  bringing  the  agreed  position 
of  European  technical  expertise  into  the  public 
domain.  They  are  sometimes  used  to  publish  tech¬ 
nical  documentation  while  the  formal  public 
approval  procedures  to  produce  European  Stand¬ 
ards  are  underway. 

This  ability  to  agree  a  specification  and  bring  it 
to  the  public  domain  quickly,  either  as  an  ES  or  as 
a  TS,  has  been  introduced  by  ETSI  in  order  to  be 
able  to  react  quickly  to  market  developments. 


878 


4.  SOME  ETSI  TECHNICAL  BODIES 

4.1.  3GPP,  SMG  and  UMTS 

3GPP  is  an  ETSI  Partnership  Project,  set  up  as  a 
partnership  between  CWTS  (China),  ETSI,  T1  (USA), 
TIA  (Japan),  TTA  (Korea)  and  TTC  (Japan).  The  project 
was  set  up  to  co-operate  for  the  production  of  Technical 
Specifications  for  a  3rd  Generation  Mobile  System 
based  on  the  evolved  GSM  core  networks  and  the  radio 
access  technologies  that  the  Organizational  Partners 
support  (i.e.  UTRA  both  FDD  and  TDD  modes). 

SMG  is  the  ETSI  Technical  Body  responsible  for  the 
maintenance  of  the  GSM  standards.  UMTS  is  the 
project  to  further  develop  3GPP  on  a  European  basis. 

ETSI  created  the  Mobile  Competence  Centre  (MCC) 
in  March  1999  to  provide  support  to  3GPP  as  well  as  to 
ETSrs  Technical  Committee  SMG  and  ETSI  Project 
UMTS. 

Specifications  produced  by  3GPP  will  be  published 
as  regional  specifications  by  the  partner  standards 
bodies.  ETSI  will  publish  3GPP  deliverables  as  TSs  or 
TRs  as  appropriate.  Where  needed  for  specific  regional 
requirements  (for  example,  Harmonised  Standards 
under  European  Directives),  ETSI  will  publish  ENs 
based  on  the  3GPP  specifications. 

4.2.  BRAN 

EP  BRAN  Is  responsible  for  the  development  of 
Broadband  radio  access  networks.  HIPERLAN  Type  1 
is  a  wireless  LAN  that  is  ISO  8802  compatible.  It  is 
intended  to  allow  high  performance  wireless  networks  to 
be  created,  without  existing  wired  infrastructure.  In 
addition  It  can  be  used  as  an  extension  of  a  wired  LAN. 

HIPERLAN/2  is  a  short-range  variant  intended  for 
complementary  access  mechanism  for  UMTS  systems 
as  well  as  for  private  use  as  a  wireless  LAN  type 
system.  It  will  offer  high  speed  access  (25  Mbit/s  typical 
data  rate)  to  a  variety  of  networks  including  the  UMTS 
core  networks,  ATM  networks  and  IP  based  networks. 

HIPERACCESS  is  a  long  range  variant  intended  for 
point-to-multipoint,  high  speed  access  (25  Mbit/s  typical 
data  rate)  by  residential  and  small  business  users  to  a 
wide  variety  of  networks  including  the  UMTS  core 
networks,  ATM  networks  and  IP  based  networks. 

HIPERLINK  is  a  variant,  which  provides  short-range 
very  high-speed  interconnection  of  HIPERLANs  and 
HIPERACCESS,  e.g.  up  to  155  Mbit/s  over  distances  up 
to  150  m.  Spectrum  for  HIPERLINK,  is  available  in  the 
17  GHz  range. 

4.3.  Broadcast 

BROADCAST  is  a  joint  CENELEC/EBU/ETSl  Tech¬ 
nical  Committee  which  co-ordinates  the  drafting  of 


standards  in  the  field  of  broadcasting  and  related  fields. 
The  committee  assesses  the  work  performed  within 
external  bodies,  for  example,  the  Digital  Video  Broad¬ 
casting  (DVB)  project  and  the  WorldDAB  forum)  for 
standardisation.  The  Technical  Committee  is  respon¬ 
sible  for  broadcast  systems  (emission-reception  combi¬ 
nation)  for  television,  radio,  data  and  other  services  via 
satellite,  cable  and  terrestrial  transmitters.  CENELEC  is 
responsible  for  the  standardization  of  radio  and 
television  receivers  (TC  203,  206,  209). 

4.4.  DECT 

The  DECT  Project  has  overall  responsibility  within 
ETSI  for  the  development  and  maintenance  of  stand¬ 
ards  for  Digital  Enhanced  Cordless  Telecommunica¬ 
tions  (DECT). 

DECT  is  becoming  a  worldwide  standard  for  short- 
range  cordless  mobility,  and  can  be  adapted  for  many 
other  cordless  applications  (Wireless  Local  Loop,  Cord¬ 
less  PBX,  etc.).  Interest  in  the  DECT  standard  is  global, 
as  it  can  easily  be  adapted  for  use  In  other  frequency 
allocations  than  the  European  allocation. 

DECT/GSM  Interworking  and  Dual-Mode  standards 
have  been  developed,  and  DECT  technology  is  relevant 
to  the  future  Universal  Mobile  Telecommunications 
System  (UMTS)  currently  being  developed  by  ETSI. 

4.5  ERM 

ETSI  ERM  is  a  ’‘horizontal"  technical  committee  that 
is  responsible  for  the  standardization  of  electromagnetic 
compatibility  (EMC)  and  radio  spectrum  matters  on 
behalf  of  all  other  technical  bodies  of  ETSI.  Its  work  can 
be  considered  in  three  main  areas: 

"Horlzontar  issues:  The  Electromagnetic  Compati¬ 
bility  (EMC)  working  group  is  responsible  for  all  ETSI 
Harmonised  Standards  related  to  the  EMC  Directive 
(89/336/EEC)  and  article  3.1b  of  the  R&TTE  Directive 
(1999/5/EC). 

ETSI  has  an  agreement  with  CENELEC  In  which 
EMC  for  fixed  telecommunication  terminal  equipment  is 
standardised  by  CENELEC;  EMC  for  network  equip¬ 
ment  and  radio  equipment  is  standardised  by  ETSI. 
This  group  Is  also  responsible  for  liaison  on  behalf  of 
ETSI  with  CENELEC  on  EMC  issues. 

ETSI  Is  also  represented  on  the  steering  committee 
of  CISPR.  The  EMC  working  group  Is  responsible  for 
co-ordinating  ETSI  inputs  to  CISPR. 

The  Radio  Matters  (RM)  working  group  is  respon¬ 
sible  for  co-operation  with  the  European  Radiocom¬ 
munications  Committee  (ERC)  to  secure  appropriate 
spectrum  allocations  In  the  CEPT  countries  for  stand¬ 
ardised  systems,  In  order  to  ensure  co-existence 
between  different  communications  systems  stand¬ 
ardised  by  ETSI. 
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”Radio  Project”  activities:  ERM  has  long-term 
working  groups  providing  expertise  in  the  following 
areas; 

•  Land-mobile  radio  (RP02  and  RP08) 

•  Maritime  radio  (RP01) 

•  Aeronautical  radio  (RP05) 

•  Radio  site  engineering  {RP1 1 ) 

”Task  group”  activities:  ERM  has  a  number  of  task 
groups  which  are  set  up  on  a  short-term  basis  to  deal 
with  particular  issues,  and  which  disband  on  the 
resolution  of  the  task.  Current  task  groups  are  looking 
at: 

•  Issues  for  radio  equipment  Installed  in  motor 
vehicles  (TG4), 

•  EMC  requirements  for  marine  radio  (TG5)  and 
aeronautical  radio  (TGI  5), 

•  ETSI  Input  to  the  ERO  Detailed  Spectrum 
Review  (TG7), 

•  Interference  potential  of  CB  radio  (TG8), 

•  requirements  for  Radio  LAN  (TG11)  and  Cord¬ 
less  Telephone  (TG13)  equipment, 

•  requirements  for  the  declaration  of  interfaces 
under  the  R&TTE  Directive  (TG14). 

4.6  Powerline  Telecommunications  (PLT) 

The  PLT  project  develops  the  necessary  standards 
and  specifications  to  cover  the  provision  of  voice  and 
data  services  over  the  mains  power  transmission  and 
distribution  network  and/or  In-building  electricity  wiring. 

The  standards  are  being  developed  in  sufficient 
detail  to  allow  Interoperability  between  equipment  from 
different  manufacturers  and  co-existence  of  multiple 
powerline  systems  within  the  same  environment. 

EMC  requirements  for  Powerline  Telecommunica¬ 
tions  are  being  developed  in  a  joint  group  with 
CENELEC.  The  ETSI  Radio  Matters  group  is  also 
studying  possible  frequency  allocations  for  powerline 
systems  to  avoid  interference  in  the  HF  band. 

4.7  SES 

ETSI  SES  is  responsible  for  all  types  of  satellite 
communication  services  (Including  mobile  and  broad¬ 
casting)  and  for  alt  types  of  earth  station  equipment 
(especially  the  radio  frequency  interfaces  and  network 
and/or  user  Interfaces). 

The  technical  activities  fall  into  the  following  areas: 

•  Fixed  Satellite  Service  (FSS)  and  Broadcast 
Satellite  Service  (BSS):  VSAT,  TVRO.  SNG 


•  Mobile  Satellite  Service  (MSS)  Land,  Maritime 
and  Aircraft  Earth  Stations 

•  Little  Low  Earth  Orbit  Satellite  (LEOS)  terminals 
and  Space  Standardization  (ECSS) 

•  Satellite  Personal  Communications  Networks 
(S-PCN)  and  GEO  satellites  -  Mobile  Radio 
(GMR)  interfaces 

•  Satellite  Interactive  Terminal  (SIT)  in  Ku/Ka  and 
Ka/Ka  bands,  using  GEO  or  non-GEO  satellites 
Satellite  Broadband  Multimedia  and  Satellite 
component  of  UMTS 

4.8TETRA 

With  the  support  of  the  European  Commission  and 
the  ETSI  members,  the  Terrestrial  Trunked  Radio 
(TETRA)  standard  has  been  developed  over  a  number 
of  years  by  the  co-operation  of  manufacturers,  users, 
operators  and  other  experts,  with  emphasis  on  ensuring 
that  the  standard  will  support  the  needs  of  emergency 
services  throughout  Europe  and  beyond. 

The  standard  builds  upon  the  lessons  and  tech¬ 
niques  of  previous  analogue  trunked  radio  systems  and 
the  successful  development  of  GSM  during  the  1980's. 

The  TETRA  trunking  facility  provides  a  pooling  of  ail 
radio  channels,  which  are  then  allocated  on  demand  to 
Individual  users,  in  both  voice  and  data  modes.  By  the 
provision  of  national  networks,  countrywide  roaming 
can  be  supported  (the  user  being  in  constant  seamless 
communications  with  his  colleagues).  TETRA  supports 
point-to-point  and  point-to-mu(tipoint  communications 
both  by  the  use  of  the  TETRA  infrastructure  and  by  the 
use  of  Direct  Mode  without  infrastructure. 

4.9  Transmission  and  Multiplexing  (TM) 

The  aim  of  ETSI  TM  is  to  standardize  the  func¬ 
tionality  and  performance  of  transport  networks  and 
their  elements.  Transport  networks  include  everything 
necessary  to  provide  digital  paths  between  end  users 
and  switching  nodes.  This  Includes: 

•  optical  fibre  cables  and  components 

•  line  systems  and  multiplexers 

•  cross  connection  equipment 

•  end  to  end  performance  aspects,  including  net¬ 
work  protection 

•  fixed  radio  systems 

•  digital  subscriber  line  systems  for  metallic 
cables 

This  group,  through  its  working  group  TM4,  is  also 
responsible  for  the  standards  for  radio  links  used  In 
transport  networks,  including  point-to-point  and  point- 
to-multipoint  distribution  systems. 
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5.  ETSI  AND  EUROPEAN  REGULATION 

Some  ETSI  standards  are  used  for  regulatory  pur¬ 
poses  within  the  European  Union.  The  European  Union 
has  a  number  of  Directives,  which  give  ETSI  standards 
a  specific  legal  effect. 

The  Directive  98/13/EC  on  Telecommunication  Ter¬ 
minal  Equipment  and  Satellite  Earth  Station  equipment 
is  being  replaced  by  Directive  1999/5/EC  on  Radio 
equipment  and  Telecommunication  Terminal  Equip¬ 
ment  ("the  R&TTE  Directive"). 

ETSI  has  a  mandate  from  the  European  Commis¬ 
sion  to  produce  Harmonised  Standards  to  address  the 
essential  requirements  of  this  Directive,  which  covers  all 
radio  equipment  and  alt  telecommunications  terminal 
equipment,  with  certain  specific  exceptions.  EU  member 
states  are  required  to  presume  that  equipment  which 
complies  with  these  Harmonised  Standards  (which  are 
ail  ENs)  complies  with  the  Directive.  Equipment  which 
complies  with  ETSI  Harmonised  Standards  therefore 
enjoys  free  circulation  and  can  be  freely  marketed 
anywhere  within  the  European  Community. 

ETSI  has  a  work  programme  consisting  of  91  Har¬ 
monised  Standards  being  developed  under  this  Direc¬ 
tive.  The  development  if  these  Harmonised  Standards  Is 
being  co-ordinated  by  a  Specialist  Task  Force  (STF 
149). 

Many  of  the  Harmonised  Standards  that  were 
developed  under  98/13/EC  are  being  modified  to  meet 
the  requirements  of  the  new  Directive.  Some  of  the 
98/13/EC  Harmonised  Standards  are  being  maintained 
in  order  to  retain  their  technical  value.  In  many  cases 
they  are  also  used  as  the  basis  for  regulation  in  non-EU 
countries. 

ETSI  has  also  developed  Harmonised  Standards 
under  the  EMC  Directive  (89/336/EC  as  amended),  and 
Is  in  the  process  of  developing  a  consolidated  set  of 
EMC  requirements  for  all  radio  equipment  (EN  301 
489). 

ETSI  standards  are  also  quoted  in  other  European 
Directives,  for  example  the  Marine  Equipment  Directive 
(96/98/EC)  which  sets  requirements  for  equipment  used 
for  safety  of  life  at  sea. 

6.  ETSI  AND  GLOBAL  STANDARDISATION 

ETSI  supports  the  work  of  the  International  Tele¬ 
communications  Union  and  many  ETSI  standards  are 
contributed  to  the  ITU  and  form  part  of  ITU  Recom¬ 
mendations. 


ETSI  co-operates  actively  with  other  regional  stand¬ 
ardisation  bodies,  see  section  4.1  on  3GPP.  ETSI  takes 
an  active  role  in  the  Global  Standards  Collaboration 
(GSC)  and  the  associated  Radio  Standardisation 
(RAST)  groups. 

ETSI  has  formal  working  relations  with  ISO,  lEC 
and  CISPR  on  matters  of  common  interest. 

7.  CONCLUSION 

ETSI  is  a  regional  standardisation  body  with  a 
global  membership.  Its  working  methods  are  different 
from  traditional  international  standardisation  bodies, 
and  have  been  tailored  to  be  able  to  react  quickly  to  the 
telecommunications  sector. 

ETSI  members  benefit  from  being  able  to  take  part 
In  international  standardisation  activities  directly.  ETSI 
gathers  an  expertise  from  a  broad  range  of  telecommu¬ 
nications  market  players,  including  national  adminis¬ 
trations,  network  operators  and  manufacturers,  and  can 
publish  the  results  of  technical  consensus  building 
quickly.  ETSI  is  also  recognised  as  a  competent 
European  Standards  body,  which  develops  Harmonised 
Standards  allowing  access  to  the  single  market  within 
the  European  Community. 
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The  Radio  and  Telecommunications  Terminal 
Equipment  Directive  (R&TTE) 

Background 

The  R&TTE  Directive  99/5/EC  or  to  give  it  its  cor¬ 
rect  title  “  Directive  99/5/EC  of  the  European  Par¬ 
liament  and  of  the  Council  relating  radio  equipment 
and  teiecommunications  tenninal  equipment  and 
the  mutual  recognition  of  their  confomnity",  was 
published  in  the  Official  Journal  of  the  European 
Communities  (OJEC)  on  7  April  1999. 

The  Directive  is  now  in  force  and  applicabie  to  ail 
radio  and  telecommunications  terminai  equipment 
and  products,  which  are  now  required  to  comply 
fully  with  its  provisions  i.e.  from  8  April  2000  when 
it  entered  into  force.  Some  transitional  provisions 
for  one  year  after  that  date  are  provided  to  cover 
products  placed  on  the  market  via  the  Directives 
that  it  superseded,  i.e.  the  TTE  Directive  with  its 
Satellite  amendment. 

The  R&TTE  Directive  is  a  'new  approach'  Directive, 
(c.f.  the  EMC  Directive,  89/336/EEC),  which  means 
that  the  product  is  required  to  comply  with  the 
essential  requirements  identified  in  the  Directive. 
It  embodies  the  protection/essential  requirements 
identified  in  the  Low  Voltage  Directive  (LVD)  and 
the  EMC  Directive  as  indicated  below. 

It  should  be  noted  that  for  radio  products  the 
R&TTE  Directive  relates  to  placing  goods  on  the 
market:  their  use  is  still  subject  to  the  National 
provision  of  a  radio  licence  regime.  This  could 
mean  an  individual  licence  or  a  class  licence  that 
provides  for  exemption  from  having  a  radio 
licence. 

The  R&TTE  Directive,  Article  5.1  provides  for  a 
presumption  of  conformity  with  the  essential 
requirements  of  the  Directive,  if  the  product  is 
compliant  with  a  harmonised  standard,  the  refer¬ 
ence  for  which  has  been  published  in  the  OJEC 
under  the  Directive. 

Harmonised  standards  are  being  prepared  by  ETSI 


under  a  mandate  from  the  European  Commission, 
they  will  provide  the  prime  route  to  the  market  for 
radio  equipment  (with  a  few  exceptions)  in  both 
harmonised  and  non-harmonised  frequency 
bands,  and  equally  for  telecommunications  ternii- 
nal  equipment  which  can  also  be  radio  equipment. 

The  R&TTE  Directive 

As  noted  above  the  R&TTE  Directive  covers  all 
radio  equipment  (with  a  few  exceptions)  in  both 
harmonised  and  non-harmonised  frequency  bands, 
it  replaces  the  codified  Telecommunications  Termi¬ 
nal  Equipment  Directive  98/13/EC. 

The  Directive  provides  a  number  of  routes  for  a 
manufacturer's  product  to  access  the  market,  the 
preferred  route  is  via  the  harmonised  standard. 
Market  access  is  based  on  the  manufacturer's 
declaration  of  conformity  with  the  essential  require¬ 
ments  of  the  R&TTE  Directive,  a  pre-requisite 
before  the  manufacturer  places  goods  on  the  mar¬ 
ket  and  affixes  the  CE  mark. 

In  the  event  that  a  harmonised  standard  is  not 
available  for  radio  products  e.g.  in  the  case  of 
innovative  technology,  a  Notified  Body  can  be 
used  to  specify  a  test  suite  and  in  this  case  the 
manufacturer  is  required  to  prepare  a  technical 
construction  file  as  per  the  EMC  Directive. 

The  R&TTE  Directive  covers  the  protection/essen¬ 
tial  requirements  identified  in; 

1)  Low  Voltage  Directive  (LVD)  73/23/EEC 
under  Article  3.1(a)  -  Health  and  Safety, 

2)  EMC  Directive  89/336/EEC  under  Article 
3.1(b) -EMC 

plus 

3)  Those  essential  requirements  needed  for 
spectrum  management  under  Article  3.2  - 
effective  use  of  the  spectrum  and 
avoidance  of  harmful  interference. 
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plus 

4)  Any  additional  essential  requirements 

under  Article  3.3  parts  (a)  to  (e)  which 
cover 

a)  interworking  via  networks  with  other 
apparatus 

b)  harm  to  or  misuse  of  network  resources 

c)  personal  privacy 

d)  avoidance  of  fraud 

e)  access  to  emergency  services 

f)  disability  features 

The  European  Commission  following  a  consulta¬ 
tion  of  the  Member  States  via  a  committee  known 
as  the  Telecommunication  Conformity  Assessment 
and  Market  Surveillance  Committee  (TCAM),  com¬ 
posed  of  representatives  of  the  Member  States, 
will  identify  any  additional  essential  requirements 
and  notify  the  Member  States. 

Role  and  Activities  in  ETSI 

ETSI  as  indicated  above,  has  received  a  standard¬ 
isation  mandate  from  the  Commission  and  also 
funding  to  support  a  Specialist  Task  Force  (hired 
help).  ETSI’s  activities  are  co-ordinated  by  the 
R&TTE  Steering  Committee  and  are  preparing  har¬ 
monised  standards  across  the  full  range  of  its  port¬ 
folio  for  both  radio  and  telecommunications  ter¬ 
minal  equipment. 

An  ETSI  Guide,  to  the  preparation  of  harmonised 
standards  EG  201  399  has  been  prepared  and 
published,  it  provides  a  basis  for  a  technical  body 
to  determine  if  an  attribute  or  parameter  is 
essential  under  the  ternis  of  the  R&TTE  Directive. 
The  Guide  contains  a  decision  tree  that  can  be 
used  to  assist  in  this  detennination  i.e.  is  it  to  be 
considered  essential  or  not? 

The  inclusion  of  market  forces  in  this  determina¬ 
tion  has  been  opposed  by  some  administrations. 
The  principle  of  proportionality  (to  regulate  by 
allowing  market  forces)  enshrined  in  the  R&TTE 
Directive  and  expanded  in  the  ETSI  Guide  is  not 
well  understood 

In  addition  a  draft  harmonised  pro  forma  has 
been  prepared  to  assist  the  technical  bodies  in 
generating  the  necessary  standards  within  the 
short  time-scales  available.  The  pro  forma  has 
been  published  as  an  ETSI  Special  Report  SR  001 
470 

To  provide  for  the  potential  diversity  of  the  stand¬ 
ards  that  can  relate  to  a  specific  product,  a  modu¬ 


lar  approach  has  been  adopted  (for  the  standards 
generation)  and  manufacturers  will  need  to  select 
the  appropriate  standard(s)  or  module(s)  that 
relate  to  the  applicable  Articles  of  the  R&TTE 
Directive.  This  modular  concept  is  explained  in  the 
pro  forma  document  as  part  of  the  Introduction. 

Summary 

The  R&TTE  Directive  is  a  de-regulatory  measure 
that  replaces  the  concept  of  a  priori  type 
approval  with  a  manufacturer's  declaration  of 
confomnity  with  the  essential  requirements  of  the 
Directive. 

In  doing  so  it  also  places  on  the  recognised 
European  Standards  bodies,  i.e.  CEN,  CENELEC 
and  ETSI,  but  primarily  ETSI  the  responsibility  for 
preparing  harmonised  standards  to  meet  the 
market's  needs. 

For  maximum  effect  these  standards  needed  to  be 
in  place,  and  listed  in  the  OJEC,  by  8  April  2000.  In 
the  event  this  has  not  been  achieved  but  consider¬ 
able  progress  has  been  made  and  it  is  expected 
that  the  majority  of  the  harmonised  standards 
will  be  in  place  before  the  end  of  2000. 

The  SLIM  Initiative  in  Europe  (EMC) 

Background 

Legislation  in  this  sector  the  EMC  Directive 
89/336/EEC  and  the  R&TTE  Directive  99/5/EC 
are  designed  to  remove  trade  barriers  within  the 
European  Economic  Area  (EEA). 

The  SLIM  initiative  relates  to  the  Simplification  of 
Legislation  for  the  Internal  Market,  the  EMC 
Directive  has  been  reviewed  by  the  SLIM  panel 
and  their  initial  report  identified  a  number  of  areas 
where  they  believe  that  beneficial  changes  could 
be  made  to  further  improve  the  legislation. 

Their  proposals  can  be  summarised  as: 

a)  incorporation  into  the  EMC  Directive  of  a 
number  of  definitions  taken  from  the 
European  Commission’s  published 
Guidance  document; 

b)  consideration  as  to  whether  environment 
classes  should  be  explicitly  defined; 

c)  anticipation  of  the  protection  requirements; 

d)  the  treatment  of  fixed  installations; 

e)  the  deletion  of  Article  10(5)  of  the  EMC 
Directive  following  the  introduction  of  the 
R&TTE  Directive  99/5/EC  (now  dropped 
due  to  the  exclusions  in  the  R&TTE 
Directive). 
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Q  the  possible  exclusion  of  identified  equip¬ 
ment: 

g)  a  strategic  review  of  the  notified  standards. 

These  are  proposals  that  have  no  specific  status 
at  this  stage,  but  work  is  continuing  in  a  small  task 
group  looking  at  the  options  available  for  updating 
the  legislation. 

Activities  in  ETSI 

Representatives  from  ETSI's  EMC  community  are 
participating  in  the  on-going  discussion,  item  g) 
above  has  particular  significance  for  the  ETSI 
radio  community. 

Initially  ETSI  prepared  some  30  radio  EMC  stand¬ 
ards,  which  relate  to  specific  radio  products,  this 
was  deemed  essential,  as  they  Included  a  cross- 
reference  to  spurious  emissions,  originally  seen 
as  an  EMC  parameter,  which  formed  part  of  the 
radio  product  standard. 

The  changes  to  the  European  legislation  with  the 
introduction  of  the  R&TTE  Directive  99/5/EC  has 
now  made  it  possible  to  remove  these  cross- 
references,  (see  above).  ETSI  decided  to  re-write 
its  radio  EMC  standards  portfolio,  work  which  is 
now  nearing  completion,  to  simplify  them  in  two 
respects: 

a)  that  the  radio  EMC  standards  will  in  future  only 
refer  to  classical  EMC  phenomena  and  ETSI  will 
now  classify  as  'spectrum  management'  para¬ 
meters  all  radio  phenomena  associated  with  the 
antenna  and  the  antenna  port  including  case 
radiation. 

b)  that  the  new  radio  EMC  standard  will  be  a  multi¬ 
part  standard  which  brings  together  all  of  the  com¬ 
mon  aspects  such  as  test  methods  in  a  parti 
(common  technical  requirements)  and  then  allo¬ 
cates  individual  parts  for  product  specific  aspects. 

Summary 

Work  is  now  well  advanced  in  that  all  of  the 
constituent  parts  (22)  for  the  new  mutti-part  radio 
EMC  standard  EN  301  489  have  been  written,  and 
it  is  expected  that  they  will  be  approved  by  ETSI 
TC-ERM  when  it  meets  May  2000. 

The  radio  EMC  standards  have  thus  been  sim¬ 
plified  and  when  published  by  ETSI  will  be  listed 
in  the  OJEC  under  both  the  EMC  and  R&TTE 
Directives. 
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The  deregulation  of  the  telecommunications 
industry,  the  massive  development  in  mobile  and 
personal  communications  and  the  emergence  of  a 
diversity  of  radio  applications  and  services  are  some  of 
the  key  elements  which  have  contributed  towards  the 
growth  of  the  telecommunications  market  in  recent 
years.  Sustaining  future  growth  is  strongly  dependent 
upon  the  efficiency  with  which  the  radio  spectrum  is 
used. 

This  paper  describes  a  software  tool  based  upon  the 
statistical  Monte  Carlo  technique,  the  Spectrum 
Engineering  Advanced  Monte  Carlo  Analysis  Tool 
(SEAMCAT)  [1],  which  provides  a  spectrally  efficient 
solution  to  spectrum  engineering  problems. 

1.  INTRODUCTION 

The  development  of  mobile  and  personal 
communications  is  one  of  the  key  elements  contributing 
towards  the  growth  of  the  telecommunication  market  in 
recent  years.  The  initial  limiting  factors  for  higher  take 
up  of  mobile  communications  equipment  were  linked  to 
lack  of  reliable  and  efficient  communication  schemes 
and  their  high  cost.  Future  growth  is  strongly  dependent 
upon  improving  the  efficiency  with  which  radio 
frequency  spectrum  is  used. 

Throughout  the  last  decade,  there  has  been  a  major 
emphasis  on  source  and  channel  coding,  digital 
modulation,  multiple  access  schemes  and  channel 
equalisation.  Each  of  these  technologies  helps  in  some 
way  to  improve  the  rate  at  which  information  can  be 
transmitted  in  a  given  bandwidth.  However,  in  addition 
to  these  methods  which  are  aimed  primarily  at 
improving  the  performance  of  a  single  system,  the 
compatibility  between  different  systems  must  be  studied. 
When  several  systems,  possibly  employing  different 
technologies  are  operating  in  the  same  or  neighbouring 
geographic  areas  and  are  using  frequency  bands 


relatively  close  to  one  another,  then  proper  spectrum 
engineering  techniques  need  to  be  exercised  in  order  to 
minimise  likelihood  of  inter-system  interference.  Indeed, 
activity  of  one  system  may  degrade  the  availability  of 
the  other.  End  users  of  the  affected  system  will 
intuitively  blame  their  own  equipment  whereas  in 
practice  the  problem  is  being  generated  by  transmissions 
unknown  to  the  user.  Traditionally  spectrum  engineers 
have  avoided  these  consequences  by  introducing  guard 
bands  (or  frequency  separations)  between  different  radio 
systems.  This  has  been  relatively  effective  but 
associated  with  it  has  been  decreased  spectrum 
efficiency.  The  traditional  analytical  methods  used  to 
determine  the  size  of  guard  bands  make  use  of  worst 
case  assumptions  (e.g.  the  Minimum  Coupling  Loss 
method)  and  may  lead  to  frequency  separations 
considerably  greater  than  necessary. 

This  paper  describes  a  software  tool  based  upon  the 
statistical  Monte  Carlo  technique,  the  Spectrum 
Engineering  Advanced  Monte  Carlo  Analysis  Tool 
(SEAMCAT)  [1],  which  provides  a  spectrally  efficient 
solution  to  many  spectrum  engineering  problems.  The 
Monte  Carlo  methodology  has  been  adopted  by  the 
CEPT  and  is  under  study  within  ITU-R  Task  Group  1/5. 
The  Monte  Carlo  technique  functions  by  considering 
many  independent  instants  in  time  (or  in  space).  For 
each  instant,  or  simulation  trial,  a  scenario  is  built  up 
using  a  number  of  different  random  variables,  i.e.  where 
the  interferers  are  with  respect  to  the  victim,  how  strong 
the  wanted  signal  strength  is,  which  channels  the  victim 
and  interferer  are  using  etc.  If  a  sufficient  number  of 
simulation  trials  are  considered  then  the  probability  of  a 
certain  event  occurring  can  be  calculated  with  a  high 
level  of  accuracy. 

In  this  way,  the  tool  is  able  to  quantify  levels  of 
interference  between  radio  systems  and  is  able  to  help 
determine  appropriate  frequency  planning  rules  or 
specify  limits  for  transmitter  /  receiver  performance. 


*  SEAMCAT  is  the  name  chosen  by  the  MoU  group  of  European  administrations  and  industry  members  for  their  development  of  a  software  tool 
based  on  the  CEPT/ERC  "Monte  Carlo  Radio  Compatibility  Tool"  algorithm.  Further  information  on  the  project  is  available  from  http://www.ero.dk 
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2.  SEAMCAT  METHODOLOGY 

The  statistical  methodology  briefly  described  here  is 
known  as  the  Monte  Carlo  technique  [2].  Statistical 
simulation  methods  may  be  contrasted  to  conventional 
analytical  methods,  which  are  typically  applied  to 
ordinary  or  partial  differential  equations  that  describe 
some  underlying  physical  or  mathematical  system.  In 
many  applications  of  the  Monte  Carlo  technique,  the 
physical  process  is  simulated  directly,  and  there  is  no 
need  to  even  write  down  the  differential  equations  that 
describe  the  behaviour  of  the  system. 

The  only  requirement  is  that  the  physical  or 
mathematical  system  be  described  by  probability  density 
functions  (pdfs).  Once  the  pdfs  of  the  relevant 
parameters  are  known,  the  Monte  Carlo  simulation  can 
proceed  by  random  sampling  of  them.  Many  simulations 
trials  are  performed  and  the  desired  result  is  taken  as  an 
average  over  the  number  of  observations.  In  many 
practical  applications,  one  can  predict  the  statistical 
error  in  this  average  result,  and  hence  an  estimate  of  the 
number  of  Monte  Carlo  trials  that  are  needed  to  achieve 
a  given  error. 

The  SEAMCAT  tool  models  a  victim  receiver 
operating  amongst  a  population  of  interferers.  These 
interferers  may  belong  to  the  same  system  as  the  victim, 
a  different  system  or  a  mixture  of  both.  The  interferers 
are  randomly  distributed  around  the  victim  in  a  manner 
decided  by  the  user.  It  is  common  practice  to  use  a 
uniform  random  distribution.  The  density  of  interferers 
is  set  in  line  with  the  environment  being  modelled,  i.e. 
an  urban  environment  has  a  higher  density  than  a  rural 
environment.  Only  a  proportion  of  the  interferers  is 
active  at  any  one  time.  This  proportion  is  known  as  the 
utilisation  and  will  depend  upon  the  day  of  the  week  as 
well  as  the  time  of  day.  Fig.  1  illustrates  how  the 
interferers  and  victim  may  appear  for  one  simulation 
trial.  Also  illustrated  is  the  transmitter  providing  the 
victim’s  wanted  signal. 
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Figure  1  -  A  typical  victim  and  interferer  scenario  for  a 
Monte  Carlo  simulation  trial 

The  effect  of  each  interferer  upon  the  victim  is 
summed.  Several  interference  mechanisms  are  included 
such  as  unwanted  emissions,  receiver  blocking, 
intermodulation  products,  co-channel  and  adjacent 
channel  interference  phenomena  are  also  considered  in 
the  methodology.  The  level  of  unwanted  emissions 
falling  within  the  victim’s  receiver  bandwidth  is 
determined  using  the  interferer’ s  transmit  mask. 


interferer  /  victim  frequency  separation,  antenna  gains 
and  propagation  loss.  The  receiver  blocking  power,  i.e. 
the  power  captured  from  the  on-channel  transmissions  of 
the  interferer  due  to  selectivity  imperfections  of  the 
victim’s  receiver,  is  determined  using  the  interferer’s 
transmit  power,  victim  receiver  blocking  performance, 
interferer  /  victim  frequency  separation,  antenna  gains 
and  propagation  loss. 


The  criterion  for  interference  to  occur  is  for  the 
victim  receiver  to  have  a  carrier  to  interference  ratio 
(C/I)  less  than  the  minimum  allowable  value  (often 
known  as  the  protection  ratio).  In  order  to  calculate  the 
victim’s  C/I  it  is  necessary  to  establish  the  victim’s 
wanted  signal  strength  as  well  as  the  interfering  signal 
strength.  The  position  of  the  victim’s  wanted  signal 
transmitter  is  identified  and  a  link  budget  calculation 
completed.  Having  knowledge  of  both  the  interfering 
signal  strength  and  the  wanted  signal  strength  allows  the 
victim’s  C/I  ratio  to  be  computed.  Figure  2  illustrates  the 
various  signal  levels. 


Wanted  Signal  (dBm) 
Wanted  Signal  Margin  (dB) 


Sensitivity  (dBm) 


li 

Receiver  C!/l(d6> 

2,  ^  Noise  FJoof  Increased 

j  ^  by  Inierference  (dBm) 

Interference  (dB) 


Minimum  Permissable 
>  C/I  ratio  (dB) 

Noise  Floor  (dBm) 


Figure  2  -  The  signal  levels  used  to  determine  whether 
or  not  interference  is  occurring 


The  left-hand  side  of  the  diagram  represents  the 
situation  when  there  is  no  interference  and  the  victim  is 
receiving  the  desired  signal  with  some  margin.  In  this 
case  the  victim’s  C/I  ratio  is  given  by  the  sum  of  the 
wanted  signal  margin  and  the  minimum  permissible  C/I. 
The  right  hand  side  of  the  diagram  illustrates  what 
happens  when  interference  is  introduced.  The 
interference  adds  to  the  noise  floor  and  the  victim’s  C/I 
ratio  is  reduced.  The  new  C/I  ratio  is  defined  by  the 
number  of  dBs  difference  between  the  wanted  signal 
strength  and  the  increased  noise  floor.  This  ratio  must  be 
greater  than  the  minimum  permissible  C/I  if  interference 
is  to  be  avoided.  The  Monte  Carlo  simulation  tool 
checks  for  this  condition  and  records  whether  or  not 
interference  is  occurring. 

The  simulation  considers  many  instants  in  time  by 
using  the  probability  distribution  functions  modelling 
each  of  the  parameters  describing  the  victim  and 
interferer  systems.  The  simulation  is  complete  once 
sufficient  instants  in  time,  or  simulation  trials  have  been 
completed  to  provide  an  accurate  probability  of 
interference  result. 
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3.  APPLICABILITY  OF  THE  SEAMCAT  TOOL  TO 
SPECTRUM  ENGINEERING  PROBLEMS 

The  SEAMCAT  tool  as  applied  to  radio  system 
compatibility  is  able  to  provide  solutions  to  a  number  of 
problems  commonly  encountered  in  the  field  of 
spectrum  engineering.  These  include  the  ability  to  - 

•  identify  candidate  frequency  bands  for  radio 
systems; 

•  determine  the  appropriate  size  of  frequency 
separations  (or  guard  bands); 

•  derive  transmitter  emission  masks  needed  to  protect 
adjacent  services; 

•  specify  receiver  susceptibility  to  preserve  system 
performance  in  a  given  radio  environment; 

•  identify  band  sharing  issues  between  different 
services  and  technologies; 

•  help  provide  smooth  band  refarming  strategies 

The  Monte  Carlo  technique  provides  a  solution, 
which  is  spectrally  efficient  and  helps  to  ensure  that 
levels  of  interference  are  acceptable.  The  technique  can 
address  any  radio  interference  scenario  regardless  of  the 
interfering  and  victim  systems.  For  example,  a 
population  of  cellular  mobile  telephones  interfering  with 
a  wireless  local  loop  base  receiver  or  a  constellation  of 
low  earth  orbit  satellites  interfering  with  a  terrestrial 
mobile  receiver.  There  is  no  restriction  upon  the  victim 
or  interfering  systems.  The  only  requirement  is  that  there 
is  knowledge  of  the  parameters,  which  can  be  used  to 
model  them.  This  includes  the  receiver  and  transmitter 
specifications,  the  propagation  model  associated  with 
the  medium  of  communication  and  a  measure  of  the 
quality  of  service  required. 

4.  CONCLUSION 

In  this  contribution,  we  have  described  a  software  tool, 
SEAMCAT,  based  upon  the  statistical  Monte  Carlo 
technique  which  is  capable  of  analysing  complex  radio 
system  compatibility  issues.  Such  a  tool  is  valuable  for 
providing  solutions  to  spectrum  engineering  problems  in 
a  spectrally  efficient  manner. 

Further  information  on  the  project  is  available  from 
http://www.ero.dk. 
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The  technical  interests  of  the  International  Union  of 
Radio  Science  (URSI)  are  considered  within  ten 
Scientific  Commissions.  Commission  E  is  charged  with 
the  topics  under  interference  and  noise  control.  This  are 
is  very  broad  and  encourages  researches  in  the  following 
terms  of  reference: 

(a)  Terrestrial  and  planetary  noise  of  natural  origin; 
man-made  noise; 

(b)  The  composite  noise  environment; 

(c)  The  effects  of  noise  on  system  performance; 

(d)  The  lasting  effects  of  natural  and  intentional 
emissions  on  equipment  performance; 

(e)  The  scientific  basis  of  noise  and  interference 
control; 

(f)  Spectrum  management/utilization  and  wireless 
telecommunications; 

(g)  Geo-electric  and  -magnetic  fields  and  seismic 
associated  electromagnetic  fields. 

Note  :  Many  of  the  subjects  mentioned  are  treated  under 
the  common  title  of  Electromagnetic  Compatibility. 

In  turn,  the  work  of  Commission  E  is  primarily 
accomplished  through  its  working  groups.  Each  working 
group  organizes  sessions  and  encourages  research  in 
their  areas  of  interest.  Those  working  groups  and  their 
various  Chairs  are: 

E.l.  Spectrum  Utilization  Management  and  Wireless 
Telecommunications 

Co-Chairs:  G.  Hurt  (U.S.A.),  R.  Struzak  (Switzerland); 

E.2.  Intentional  Electromagnetic  Interference 
Co-Chairs:  M.  Wik  (Sweden)  and  W.  Radasky  (USA) 


E.3.  High  Power  Electromagnetics 

Co-Chairs:  C.E.  Baum  (U.S.A.)  and  R,L.  Gardner 

(U.S.A.); 

E.4.  Terrestrial  and  Planetary  Lightning  Generation  of 
Electromagnetic  Noise 

Co-Chairs:  Z.  Kawasaki  (Japan)  and  V.  Cooray 
(Sweden) 

E.5.  Interaction  with,  and  Protection  of,  Complex 
Electronic  Systems 

Co-Chairs  :  J.  Nitsch  (Germany),  P.  Degauque  (France), 
M.  lanoz  (Switzerland),  J-P.  Parmentier  (France); 

E.6.  Effects  of  Transients  on  Equipment 

Co-Chairs:  J.  ter  Haseborg  (Germany),  V.  Scuka 

(Sweden),  and  B.  Demoulin  (France); 

E.7.  Extra-Terrestrial  and  Terrestrial  Meteorologic- 
Electric  Environment 
Chair:  H.  Kikuchi  (Japan); 

E.8.  Geo-electromagnetic  Disturbances  and  Their  Effects 
on  Technological  Systems 

Co-Chairs:  M.  Hayakawa  (Japan)  and  R.  Pirjola 
(Finland) 

E,9.  Interference  and  Noise  at  Frequencies  above  30 
MHz 

Chair :  J.  Gavan  (Israel) 

This  open  meeting  is  meant  to  bring  this  group  together 
to  discuss  progress,  plans  and  problems.  Meetings  are 
typically  held  at  the  beginning  of  the  important 
international  URSI  sponsored  EMC  conferences. 
Working  group  chairmen  usually  present  various  issues 
associated  with  their  technical  areas  followed  by  a  short 
discussion  of  a  technical  area  of  interest. 
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This  overview  brings  together  information  relevant  to 
activities  of  the  working  group  El  that  has  been  made 
available  to  the  author.  It  covers  the  period  since  the 
URSI  General  Assembly,  Toronto,  Ontario,  Canada, 
August  13-21,  1999. 

The  1999  Assembly 

Tlie  increasing  gap  between  developed  and  developing 
countries  and  tlie  spectrum  congestion  are  tlie  main 
problems  tliat  confront  tlie  scientists.  That  is  tlie  key 
message  of  the  sixteentli  URSI  General  Assembly,  as  I 
understood  it  Tlie  spectrum  congestion  tlueats  tlie  fti- 
ture  of  wireless  telecommunications  and  other  uses  of 
radio  waves.  The  development  gap  threats  global  stabil¬ 
ity,  not  to  mention  hmnanitarian  and  moral  issues;  it  is, 
however,  beyond  the  scope  of  tliis  overview. 

WG  Sessions 

The  scientific  sessions  of  tlie  working  group  Ei  held 
during  the  Assembly  and  entitled  "Spectrum  Manage¬ 
ment  and  Utilisation"  included  ten  presentations,  five  in 
tlie  oral  session  and  five  in  the  poster  one.  Tlie  aim  was 
to  gatlier  tliose  interested  in  solving  problems  of  RF 
spectrum  congestion  and  mutual  interference  among 
communication  systems  to  discuss  tlie  progress  made 
and  new  problems  tliat  appeared  since  the  previous  As¬ 
sembly. 

The  oral  session  began  with  contribution  by  J.  Sliapira, 
URSI  Vice-President.  Its  purpose  was  to  empliasize  the 
significance  of  the  spectrum  congestion  issues  and  tlie 
need  for  active  URSI  attitude.  His  contribution  "Spec¬ 


tral  Congestion  and  URSI"  noted  growing  influence  of 
commercial  entities  and  endangered  spectrum  usage  by 
short-tenii  politics.  Altliougli  spectrum  allocation  and 
coordination  are  the  responsibility  of  ITU,  tlie  scope  and 
tlie  tlireat  of  tlie  problem  call  for  intensive  contributions 
from  radio  scientists  in  most  areas  of  URSI  activity. 
URSI  should  maintain  dialog  with  all  players  and  be 
more  active  in  finding  appropriate  long-term  solutions 
acceptable  to  all  parties  involved  in  tlie  uses  made  of  the 
radio  frequency  spectrum.  K  Hughes  of  the  ITU  re¬ 
viewed  results  of  tlie  most  recent  international  sliaring 
studies  in  the  framework  of  ITU  R  SG3.  His  contribu¬ 
tion  was  entitled  "Sliaring  Consideration  Issues  in  ITU- 
R  propagation  Studies". 

G  Hurt  of  NTIA  (USA)  addressed  the  issues  related  to 
tlie  increasing  uses  of  low-power  mdio  devices.  Low- 
power  radio  covers  a  wide  range  of  devices,  including 
short-range  communication,  remote  control,  cordless 
telephones,  and  radiolocation.  Tliese  devices  must  share 
the  spectrum  with  otlier  licensed  radio  services  on  an 
unprotected,  non-interference  basis.  In  certain  instances, 
transmit  power  up  to  IW  has  been  authorized,  but  gen¬ 
erally  spectral  power  density  is  restricted  to  minus 
70dBW/MHz.  In  his  contribution  "Unlicensed  Radio 
Devices",  he  presented  results  of  recent  research  in  tlie 
USA  and  ITU  R,  including  measurements,  and  method¬ 
ology  for  evaluating  tlie  aggregate  interference  effects 
of  dense  deployment  of  unlicensed  radio  devices  based 
on  Monte  Carlo  simulation  techniques.  V  Rawat  pre¬ 
sented  spectrum  management  practices  developed  in 
Canada.  S  Hess,  discussed  the  European  approach  to 
spectrum  management,  witli  emphasis  on  detailed  spec¬ 
trum  investigation  project  running  in  European  Radio- 
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communications  Office,  and  on  the  European  table  of 
frequency  allocations  expected  beyond  the  year  2008. 

In  tlie  poster  session  of  tlie  working  group,  D  Cohen 
discussed  work  undertaken  in  the  USA  on  "Interference 
Avoidance  Methods  for  Wireless  Communications  in 
Unlicensed  Spectrum".  It  covered  the  ISM  bands  (902- 
928MHz,  2400-2483, 8MHz,  and  5725-5850MHz),  PCS 
band  1910-1920MHz,  and  U-NII  band  around  5  GHz.  E 
Medeiros  and  L  Bermudez  in  their  contribution  "Study 
of  the  Non-Flat  Broadcast  Band  In  Multichannel  Multi¬ 
point  Distribution  Service  MMDS"  presented  results  of 
research  made  in  Brazil  on  the  implementation  of 
MMDS  multi-channel  transmission  ^sterns.  B  Nunna- 
tov  and  A  Pavliouk,  in  their  input  "Experience  in  De¬ 
velopment  of  a  Method  for  Calculating  Spectrum  Use 
Fees",  presented  an  approach  to  the  solution  of  spectrum 
scarcity  problem.  The  approach  consists  in  setting  fees 
to  be  collected  for  the  uses  made  of  the  radio  frequency 
spectrum  -  the  issue  under  discussion  in  several  coun¬ 
tries  and  in  the  ITU.  D  Guerrero,  H  Zaharia,  S  Primak, 
and  D  Makrakis  discussed  "Performance  Analysis  of 
Tuibo  Codes  Communication  Channel  with  Fading".  J 
Pawelec,  D  Wieczorek,  A  Janulewicz  and  A  Przybysz 
contributed  with  poster  "IS  Interference  Rejection  Using 
Adaptive  Lattice  Filters" 

The  abstracts  of  tlie  contributions  presented  at  tlie  as¬ 
sembly  are  available  in  printed  form  [2]. 

Other  Sessions 

In  addition  to  working  group  El  sessions,  the  scientific 
programme  of  tlie  assembly  included  a  nmnber  of  items 
relevant  to  spectrum  management/  utilisation  and  wire¬ 
less  telecommunications.  Working  Group  E9  addressed 
issues  of  interference  in  communication;  details  are 
given  in  a  separate  report  by  J  Gavan. 

However,  the  inter-commission  coordination  was  non¬ 
ideal  and,  as  a  consequence,  it  was  not  always  easy  to 
take  part  in  discussions  of  the  same  or  close  topic  tliat 
were  distributed  randomly  among  different  sessions.  For 
instance,  a  discussion  on  a  crucial  issue  of  spectnim 
access  fees  was  held  in  session  of  our  WG  E  and  also  at 
session  C3  "Radio  Spectrum  Utilisation  and  their  Tech¬ 
nologies"  (contribution  "Economic  Value  of  Radio  Fre¬ 
quencies"  by  T  Jitsuzumi  and  T  Isliida),  That  session 
included  also  other  papers  tliat  might  be  of  interest  to 
WG  El  members,  such  as,  for  instance,  contributions  by 
S  Komaki,  K  Tsukamoto  and  M  Okada  ("Radio  Ecol¬ 
ogy:  Social  and  Economic  Strategies  and  Technolo¬ 
gies"),  J  Scott  ("Adjacent  Cliannel  Power  Distortion 
Measurement"),  and  Y.  Cheng,  and  Y.  Fei  ("Study  on 
Generation  and  Radiation  of  Ultra-Wideband  Radio 
Spectrum").  Discussions  of  topics  of  common  interest  to 
two  or  more  commissions  would  be  more  fruitful  at 
common  meetings. 

Session  EA  "Electromagnetic  Compatibility  and  EM 
Pollution",  organized  by  P  Degauque  and  M  D’Amore, 


included  a  number  of  contribution  of  interest  to  El  WG 
members.  Among  otliers,  M  Selivanov  discussed  prob¬ 
lems  of  frequency  sharing  between  IS-95  CDMA  based 
wireless  local  loop  and  other  systems  in  the  800MHz 
band.  J  Dai  presented  a  model  of  anti-interference  per¬ 
formance  evaluation  for  tlie  electrical  information  sys¬ 
tem. 

Session  jCEG  "Interference  Protection  Measures"  in¬ 
cluded,  among  otliers,  paper  by  S  Ellingson  on  the  fre¬ 
quency-.  time-,  and  multi-<Iomain  approaches  in 
suppression  of  radio  interference  in  radio  astronomy. 
Adaptive  interference  mitigation  strategies  were  dis¬ 
cussed  by  J  Bell,  R  Ekers,  P  Hall,  R  Smegal,  W  Wilson, 
A  Hopkins  and  B  Thomas.  A  similar  topic  was  ad¬ 
dressed  by  R  Bradley  and  R  Fisher.  A  cross-correlation 
interference  excision  teclinique  was  discussed  by  L 
Kewley  and  B  Sault  and  R  Ekers. 

Many  interesting  contributions  were  included  in  die 
programme  of  other  commissions.  Commission  C  "Sig¬ 
nals  and  Systems"  can  serve  as  an  example.  Session  C3 
"  Radio  Spectrum  Utilization  and  Their  Technologies", 
session  C4  "Space-Time  Blind  Signal  Processing  for 
Communications,  Intelligent  Antenna  and  Ad^tive 
Equalization"  and  session  C6  "Software  Radio  for  Fu¬ 
ture  Communications",  for  instance,  contained  a  number 
of  contributions  relevant  to  the  use  of  spectrum  re¬ 
sources. 

General  &  Tutorial  Lectures 

Few  general  and  tutorial  lectures  deserve  mentioning 
here  as  being  potentially  of  special  interest  to  die  El 
WG  membership.  J  Bach  Andersen  in  his  general  lec¬ 
ture  addressed  die  future  generations  of  mobile  commu¬ 
nications  from  die  scientific  point  of  view.  Commission 
C-Tutorial  by  G  Delisle,  K  Hettak,  and  J  Lucas  dealt 
with  intelligent  antennas  for  future  wireless  communi¬ 
cations. 

The  culmination  of  discussions  on  spectrum  manage¬ 
ment/  utilisation  and  wireless  telecommunications  was 
expected  at  the  special  lecture  closing  the  Assembly. 
The  lecture  was  offered  by  P  Delogne  and  W  Baan  on 
behalf  of  special  Inter-Commission  Working  Group  on 
Spectrum  Congestion.  Tlie  authors  reviewed  the  status- 
of-the-art  of  spectrum  utilization,  with  emphasis  on  spe¬ 
cific  case  of  science  services.  Tliey  discussed  the  role  of 
source  coding,  cliannel  coding,  signal  processing,  and 
explained  concepts  of  spectrum  efficiency,  Shannon's 
limit,  as  well  as  implementation  constraints.  Finally, 
tiiey  suggest  on  how  can  URSI  help  solving  the  spec- 
Uiim  congestion  problem.  Among  otlier  things,  diey 
suggest  stronger  collaboration  with  ITU-R  and  widi 
industry. 

Unfortunately,  due  to  time-planning  errors,  the  lecture 
could  not  be  delivered  as  planned  and  no  discussion  was 
possible.  However,  as  the  full  text  of  the  lecture  has 
been  made  available  [1],  die  discussion  was  continued 
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by  correspondence.  The  first  voice  in  discussion  was 
published  in  the  December  issue  of  The  Radio  Science 
Bulletin  [5].  That  contribution  proposed  a  quantitative 
approach  to  spectrum  congestion  issues  and  a  modifica¬ 
tion  to  Shannon’s  formula  on  radio  cliannel  capacity. 
The  proposed  modification  accounts  for  spectrum  con¬ 
gestion  effects  -  an  element  absent  in  die  Shannon's 
formula  and  all  derivative  works.  Discussions  of  spec¬ 
trum  congestion  issues  were  continued  at  die  interna¬ 
tional  School  on  Data  and  Multimedia  Communications 
Using  Terrestrial  and  Satellite  Radio  Links,  directed  by 
S.  Radicella  and  myself  [4]. 

EMC  2000  Wroclaw 

In  addition  to  the  open  meting  of  URSI  Commission  E, 
the  Wroclaw  Symposium  EMC  2000  contains  a  number 
of  contributions  relevant  to  WG  El  activities,  including 
plenary  lectures,  workshops,  and  sessions.  Tliey  are  not 
discussed  here  as  they  are  presented  elsewhere  in  diis 
volume. 
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This  paper  introduces  the  standardisation 
work  underway  in  Subcommittee  77C  in  the 
International  Electrotechnical  Commission 
(lEC).  This  committee  is  developing  protection 
standards  dealing  with  the  disturbances  due  to 
high  altitude  electmmasyietic  pulse  (HEMP) 
and  due  to  Intendonally  produced  high  power 
EM  tansients. 

1.  INTRODUCTION 

The  objective  of  the  International 
Electrotechnical  Commission  (lEC)  is  to 
produce  civilian  standards  for  electrical  and 
electronic  equipment  and  systems.  In 
particular,  the  electromagnetic  compatibility 
(EMC)  aspects  are  of  interest  worldwide  for  the 
electronics  and  power  industries  in  order  to 
harmonise  methods  of  protection  and  to 
develop  protection  devices.  Ail  information 
used  and  developed  is  openly  available.  The 
intention  of  lEC  SC77C,  which  deals  with  high 
power  EM  phenomena,  is  to  reference  and 
apply  existing  lEC  EMC  standards  wherever 
possible,  so  that  there  is  no  duplication  of 
effort.  Those  working  in  the  SC77C 
subcommittee  and  on  particular  projects  are 
representatives  of  their  countries  and  not  of 
organisations  (civilian  or  military). 

Subcommittee  77C  currently  has  sixteen 
participating  member  nations:  Austria,  China, 
Czech  Republic,  Finland,  France,  Germany, 
Italy,  Japan,  Mexico,  Romania,  Russia,  Spain, 
Sweden,  Switzerland,  United  Kingdom  and 
USA.  In  addition  there  are  fourteen  observing 
member  nations:  Belgium,  Canada,  Croatia, 
Denmark,  Ireland,  Israel,  Netherlands,  Non^/ay, 
Poland,  Portugal,  Slovakia,  Thailand,  Turkey 
and  Ukraine.  The  Chairman  is  Dr.  W.  A. 
Radasky  (USA)  and  the  Secretariat  is 
undertaken  by  Sweden  (Messrs  M.  W.  Wik,  T. 
Wedin). 
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The  preparation  of  SC77C  standards  is 
consistent  with  the  development  of  EMC 
standards  within  other  parts  of  TC77  (EMC) 
and  is  thus  structured  according  to  "lEC 
Publication  61000"  which  iS  divided  into  seven 
major  parts.  Only  Parts  1,  2,  4,  5  and  6  are 
utilised  by  SC77C  at  present.  The  current 
development  of  standards  and  reports  includes 
fifteen  active  projects,  which  are  summarised 
below. 

2.  PROGRESS  OF  WORK  AND  HIGHLIGHTS 
2.1.61000-1-X 

Part  1  "General'  is  planned  to  include 
terminology,  definitions  and  other  general 
aspects.  "The  effects  of  high-altitude  EMP 
(HEMP)  on  civil  equipment  and  systems" 
(61000-1-3,  W.  A.  Radasky,  USA)  will  provide 
Information  concerning  the  effects  of  high- 
altitude  EMP  (HEMP)  on  electrical  and 
electronic  equipment  and  systems.  This 
information  is  based  on  effects  observed 
during  high  altitude  nuclear  testing  and  from 
tests  performed  in  HEMP  simulators  in  several 
countries.  The  project  is  intended  to  be 
published  as  a  Technical  Report  and  is 
presently  circulating  as  a  1CD. 

2.2.  61000-2-X 

Part  2  "Environment  gives  a  description  of 
the  high  power  electromagnetic  environment 
and  is  divided  into  radiated  and  conducted 
parts.  "Description  of  HEMP  environment  - 
Radiated  disturbance"  (61000-2-9,  G. 
Champiot,  France)  is  published  as  an  lEC 
International  Standard.  It  contains  a  number  of 
definitions  and  the  radiated  parameters  for 
early-time,  intermediate-time  and  late-time 
HEMP  waveforms.  This  includes  electric  and 
magnetic  field  time  waveforms,  HEMP 
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frequency  amplitude  and  energy,  weighting  of 
the  early,  intermediate  and  late-time  HEMP, 
and  also  deals  with  reflections  and 
transmission  of  the  HEMP  at  the  earth's 
surface. 

"Description  of  HEMP  environment  - 
Conducted  disturbance"  (61000-2-10,  W.  A. 
Radasky,  USA)  is  based  on  the  radiated 
waveforms  in  standard  61000-2-9  and  is 
published  as  an  lEC  International  Standard.  It 
describes  the  conducted  environment 
applicable  for  categories  of  conductors  for 
different  positions  and  iilumination  cases 
statistically  taken  into  account.  The  specified 
environments  are  based  on  extensive 
theoretical  calculations  and  experimental 
measurements. 

Part  2  also  includes  "Classification  of  HEMP 
environment"  (61000-2-11,  W.  A.  Radasky, 
USA)  and  groups  HEMP  environments  present 
at  various  locations  outside  and  inside  of 
civilian  systems.  The  project  is  published  as  an 
lEC  International  Standard.  One  reason  for 
classification  is  to  provide  guidance  for 
equipment  manufacturers  to  help  them  decide 
on  the  proper  immunity  test  levels  appropriate 
for  their  equipment.  Another  reason  is  to 
provide  systems  designers  with  guidance 
regarding  construction  methods  and  protective 
measures  needed  to  achieve  defined  EM 
classes. 

2.3. 61000-4-X 

Part  4  "Testing  and  Measurement 
Techniques"  presently  includes  five  projects. 
"Test  methods  for  protective  devices  for  HEMP 
and  other  radiated  disturbances"  (61000-4-23, 
F.  Tesche,  USA)  is  approved  for  circulation  as 
a  FDiS.  The  document  contains  definitions, 
shielding  effectiveness  measurement  methods 
of  shielding  materials,  gaskets  and  shielded 
enclosures,  and  transfer  impedance  meas¬ 
urement  methods  for  coaxial  cables. 

"Test  methods  for  protective  devices  for 
HEMP  conducted  disturbance"  (61000-4-24, 
W.  K.  Buechler,  Switzerland)  is  published  as 
an  International  Standard.  It  describes  methods 
to  measure  the  residual  voltage  on  protective 
devices  under  HEMP  conditions,  i.  e.  for  the 
case  of  very  fast  changes  of  voltage  and 
current  as  a  function  of  time.  This  standard 
complements  the  standard  61000-5-5 
"Specification  of  protective  devices  for 
conducted  disturbance". 

"HEMP  immunity  test  methods  for 


equipment  and  systems  "  (61000-4-25,  P.  R. 
Barnes,  USA)  is  distributed  as  a  fourth 
Committee  Draft.  The  draft  presently  includes 
a  list  of  immunity  tests,  environmental 
conditions,  guidance  for  the  selection  of 
immunity  tests,  selection  of  severity  levels,  test 
levels,  selection  of  test  methods,  test 
equipment,  test  set-up,  test  procedure  and 
evaluation  of  test  results.  Efforts  are  being 
made  to  employ  as  many  existing  EMC  test 
techniques  as  possible  and  to  avoid  more 
costly  special  HEMP  tests. 

"HEMP  simulator  compendium"  (61000-4- 
32,  J.  C.  Giles,  USA)  has  been  approved  as  a 
new  work  item.  The  specific  aim  of  this  project 
is  to  provide  information  on  the  various  types 
of  existing  large  HEMP  simulators  and  their 
uses,  performance  parameters,  limitations,  and 
availability.  This  will  allow  all  potential 
simulator  users  to  evaluate  the  adequacy  of 
available  simulators  for  testing  large  systems. 

"Measurement  Methods  for  High-Power 
Transients",  (61000-4-33,  A.  Kaelin, 
Switzerland),  has  recently  been  approved  as  a 
new  project.  The  intention  of  this  work  is  to 
identify  appropriate  sensor  calibrations  and 
measurement  methods  to  be  used  for  the 
measurement  of  high-power  transient 
electromagnetic  disturbances. 

2.4.61000-5-X 

Part  5  "Instaliation  and  Mitigation 
Guideiines"  presently  includes  five  projects. 
"HEMP  protection  concepts"  (61000-5-3,  M. 
lanoz,  Switzerland)  is  published  as  a  Technical 
Report.  The  concepts  presented  are  based  on 
general  principles  such  as  zoning,  grounding, 
component  selection,  and  circuit  and 
equipment  design. 

"Specification  of  protective  devices  for 
HEMP  radiated  disturbance"  (61000-5-4,  J. 
Delaballe,  France),  is  published  as  a  Technical 
Report.  This  document  identifies  the 
parameters  required  to  accurately  specify 
protection  to  HEMP  radiated  fields. 

"Specification  of  protective  devices  for 
HEMP  conducted  disturbance”  (61000-5-5,  W. 
K.  Buechler,  Switzerland),  is  published  as  an 
lEC  International  Standard.  This  standard 
identifies  the  parameters  required  to  accurately 
specify  protection  for  HEMP  conducted 
environments. 

A  work  originally  started  by  SC77B, 
"Mitigation  of  external  EM  influences"  (61000- 
5-6,  J.  Philip  Castillo,  USA)  has  been 


895 


transferred  to  SC77C.  The  project  is  distributed 
as  1CD.  The  intention  is  that  the  document  wili 
contain  specific  information  on  installation 
practises.  As  indicated  by  the  title,  this 
publication  will  cover  HEMP  and  other  external 
EM  disturbances  such  as  lightning. 

"Degrees  of  protection  against  electro¬ 
magnetic  disturbances  provided  by  enclosures 
(EM  code)"  (61000-5-7,  C.  Jones,  USA)  will 
describe  protection  properties  offered  by 
different  types  of  enclosures  with  respect  to 
electromagnetic  fields.  In  addition,  stand¬ 
ardised  test  methods  are  identified  along  with  a 
codification  system  that  is  consistent  with  the 
IP  code  already  established  by  the  lEC.  This 
project  is  approved  for  circulation  as  an  FDIS. 


2.5.  61000-6-X 

Part  6  "Generic  Standard  for  HEMP 
Immunity  for  Indoor  Equipment",  (61000-6-6, 
P.  R.  Barnes,  USA)  has  recently  been 
approved  as  a  new  project.  The  plan  for  this 
work  is  to  identify  a  generic  set  of 
environments  and  test  levels  to  be  applied  to 
electronic  equipment  to  survive  the  effects  of 
HEMP. 

3.  CONCLUSIONS 

lEC  Subcommittee  77C  is  in  the  process  of 
developing  a  family  of  HEMP  and  high  power 
EM  transient  standards  and  publications  that 
will  help  manufacturers  and  facility  owners  to 
protect  their  equipment  from  the  effects  of 
these  disturbances.  The  entire  program  of  work 
has  been  summarised  in  this  paper. 
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frequency  amplitude  and  energy,  weighting  of 
the  early,  intermediate  and  late-time  HEMP, 
and  also  deals  with  reflections  and 
transmission  of  the  HEMP  at  the  earth's 
surface. 

"Description  of  HEMP  environment  - 
Conducted  disturbance"  (61000-2-10,  W.  A. 
Radasky,  USA)  is  based  on  the  radiated 
waveforms  in  standard  61000-2-9  and  is 
published  as  an  lEC  international  Standard.  It 
describes  the  conducted  environment 
applicable  for  categories  of  conductors  for 
different  positions  and  illumination  cases 
statistically  taken  into  account.  The  specified 
environments  are  based  on  extensive 
theoretical  calculations  and  experimental 
measurements. 

Part  2  also  Includes  "Classification  of  HEMP 
environment"  (61000-2-11,  W.  A.  Radasky, 
USA)  and  groups  HEMP  environments  present 
at  various  locations  outside  and  inside  of 
civilian  systems.  The  project  is  published  as  an 
lEC  International  Standard.  One  reason  for 
classification  is  to  provide  guidance  for 
equipment  manufacturers  to  help  them  decide 
on  the  proper  immunity  test  levels  appropriate 
for  their  equipment.  Another  reason  is  to 
provide  systems  designers  with  guidance 
regarding  construction  methods  and  protective 
measures  needed  to  achieve  defined  EM 
classes.  . 

2.3.61000-4-X  / 

Part  4  "Testing  and  Measurement 
Techniques"  presently  includes  five  injects. 
'Test  methods  for  protective  devices  fw  HEMP 
and  other  radiated  disturbances"  (6W00-4-23, 
F.  Tesche,  USA)  is  approved  for  ci/culation  as 
a  FDIS.  The  document  contain^  definitions, 
shielding  effectiveness  measur^ent  methods 
of  shielding  materials,  gaskeu  and  shielded 
enclosures,  and  transfer  inptpedance  meas¬ 
urement  methods  for  coaxial^bles. 

'Test  methods  for  f^tective  devices  for 
HEMP  conducted  disWrbance"  (61000-4-24, 
W.  K.  Buechler,  Swi^rland)  is  published  as 
an  International  Stari^rd.  It  describes  methods 
to  measure  the  re^ual  voltage  on  protective 
devices  under  H^P  conditions,  i.  e.  for  the 
case  of  very  ^st  changes  of  voltage  and 
current  as  a, function  of  time.  This  standard 
complements  the  standard  61000-5-5 
"Specification  of  protective  devices  for 
conducted  disturbance". 

"HEMP  immunity  test  methods  for 


equipment  and  systems  "  (61000-4-25,  P.  R. 
Barnes,  USA)  is  distributed  as  a  fourth 
Committee  Draft.  The  draft  presently  includes 

gironmental 

lection  of 
levels,  test 
ods,  test 
jdure  and 
are  being 
EMC  test 
/old  more 

(61000-4- 
roved  as  a 
bis  project 
ious  types 
and  their 
ations,  and 
potential 
lequacy  of 
systems. 

iigh-Power 
Kaelin, 
roved  as  a 
work  is  to 
itions  and 
id  for  the 

measurement  of  high-power  transient 
electromagnetic  disturbances. 

2.4.  61000-5-X 

Part  5  "installation  and  Mitigation 
Guidelines"  presently  includes  five  projects. 
"HEMP  protection  concepts"  (61000-5-3,  M. 
lanoz,  Switzerland)  is  published  as  a  Technical 
Report.  The  concepts  presented  are  based  on 
general  principles  such  as  zoning,  grounding, 
component  selection,  and  circuit  and 
equipment  design. 

"Specification  of  protective  devices  for 
HEMP  radiated  disturbance"  (61000-5-4,  J. 
Delaballe,  France),  is  published  as  a  Technical 
Report.  This  document  identifies  the 
parameters  required  to  accurately  specify 
protection  to  HEMP  radiated  fields. 

"Specification  of  protective  devices  for 
HEMP  conducted  disturbance"  (61000-5-5,  W. 
K.  Buechler,  Switzerland),  is  published  as  an 
lEC  International  Standard.  This  standard 
identifies  the  parameters  required  to  accurately 
specify  protection  for  HEMP  conducted 
environments. 

A  work  originally  started  by  SC77B, 
"Mitigation  of  external  EM  influences"  (61000- 
5-6,  J.  Philip  Castillo,  USA)  has  been 


OflOA  INTERNATIONAL  WROCLAW  SYMPOSIUM 
dVIw  ilLilUU  ON  ELECTROMAGNETIC  COMPATIBILITY 

URSI  COMMISSION  E  OPEN  MEETING 


INTENTIONAL  ELECTROMAGNETIC  INTERFERENCE  (EMI)  -  WHAT  IS  THE  THREAT 

AND  WHAT  CAN  WE  DO  ABOUT  IT? 

Report  of  Working  Group  E2 


William  A.  Radasky 
Metatech  Corporation 
358  S.  Fairview  Ave.,  Suite  E 
Goleta,  CA  93117,  USA 
Wradasky@aol.com 


Robert  L  Gardner 
6152  Manchester  Park  Circle 
Alexandria.  VA  22310,  USA 
GardnerR@aol.com 


Manuel  W.  Wik 
Defence  Materiel  Administ. 

Electronic  Systems  Direct. 

SE-115  88  Stockholm 
mawik@fmv.se 

Intentional  Electromagnetic  Interference  (EMI)  Is 
a  new  threat  to  electronic  systems.  Society's 
dependence  on  computer  systems  has  increased 
rapidiy  over  the  past  decade,  and  the  susceptibiiity 
of  these  eiectronic  systems  to  EM  interference  is 
increasing  every  year.  At  the  same  time  hackers, 
criminals  and  terrorists  are  abie  to  buiid  EMi  sources 
that  can  readiiy  produce  high  levei  transient  radiated 
and  conducted  disturbances.  This  paper  reviews  the 
overail  threat  and  recommends  actions  to  deal  with 
the  problem. 

1.  INTRODUCTION 

There  is  likely  to  be  an  increase  in  the  number  of 
incidents  involving  intentional  EMI  in  the  future.  It  is 
important  that  engineers  be  aware  of  the  threat  that 
it  poses  and  that  those  who  design  critical 
applications  where  malicious  damage  would  have 
serious  consequences  should  start  to  consider  this  in 
their  designs  and  the  layout  of  their  systems. 
Engineers  need  to  be  aware  of  the  problem,  assess 
the  risks  posed  to  their  equipment  and  applications 
and  then  take  appropriate  counter  measures. 

Intentional  EMI  can  be  attractive,  because  it  can 
be  undertaken  covertly,  anonymously  and  at  some 
distance  away  from  physical  barriers,  such  as  fences 
and  walls.  It  can  cover  a  great  number  of  targets  and 
leave  minor  traces  or  none  at  all.  Those  involved 
can  range  from  careless  people  to  pranksters, 
vandals,  criminals  and  terrorists,  whether  state- 
sponsored  or  otherwise. 

Electronic  components  and  circuits,  such  as 
microprocessors,  are  working  at  increasingly  higher 
frequencies  and  lower  voltages  and  thus  are 
increasingly  more  susceptible  to  electromagnetic 


interference  (EMI).  At  the  same  time,  there  have 
been  rapid  advances  in  radio  frequency  (RF) 
sources  and  antennae,  and  there  is  an  increasing 
variety  of  equipment  capable  of  generating  very 
short  RF  pulses  that  can  disrupt  sophisticated 
electronics. 

Pulse  radiation  devices  may  consist  of  two  main 
types.  They  may  be  high  power  microwave  (HPM) 
devices  producing  high  power  in  a  narrow  frequency 
band,  which  could  cause  "front  door"  damage,  or 
ultra-wide-band  (UWB)  devices,  which  produce  a 
narrow  time-domain  pulse,  and  are  more  likely  to 
cause  "back  door"  disruption  or  damage.  As  the 
power  density  of  the  EM  field  decreases  with  the 
square  of  the  distance  from  the  source,  the  proximity 
of  an  EM  generator  to  the  targeted  equipment  is 
clearly  a  major  factor  in  the  damage  likely  to  be 
caused. 

Other  types  of  EM  sources  are  radiating 
continuous  narrowband  or  wideband  jammers,  and 
EM  injectors  that  are  coupled  (galvanic  or  inductive) 
directly  to  cables  entering  a  facility. 

2.  RECOGNITION  OF  THE  PROBLEM 

Intentional  EMI  has  been  recognised  as  an  area 
that  needs  to  be  considered  by  representatives  of 
the  International  Union  on  Radio  Science  (URSI) 
and  the  International  Electrotechnical  Commission 
(lEC).  The  URSI  General  Assembly  in  August  1999 
in  Toronto  issued  a  resolution  recommending  the 
scientific  community  in  general  and  the  EMC 
community  in  particular  to  take  into  account  the 
threats  of  intentional  EMI  and  to  undertake  a  number 
of  actions. 
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Earlier  in  the  same  year  the  lEC  Technical 
Committee  on  EMC  recommended  that  its 
subcommittee  SC  77C  deal  with  high  power 
transient  phenomena  under  a  wider  scope  of  work. 
The  new  scope  is:  "Standardisation  in  the  field  of 
electromagnetic  compatibility  to  protect  civilian 
equipment,  systems  and  installations  from  threats  by 
man-made  high  power  phenomena  including  the 
electromagnetic  fields  produced  by  nuclear 
detonations  at  high  altitude." 

Hearings  in  the  US  Congress  on  17  June  1997 
and  25  February  and  20  May  1098  on  Radio 
Frequency  Weapons  and  their  proliferation  indicate 
the  seriousness  of  EMI  as  a  present  and  future 
threat. 

Commercial  aircraft  regulations  which  require 
that  ail  radios,  mobile  phones,  computers.  CD 
players,  etc.  be  turned  off  before  take-off  and 
landing,  are  well  known  to  the  public  and  indicate 
the  seriousness  of  EMI  in  general.  Similarly, 
hospitals  restrict  the  use  of  mobile  phones,  which 
can  affect  patient  monitoring  and  other  medical 
equipment. 

The  possibility  of  EMI  involvement  in  the  crash  of 
TWA  Flight  800  has  been  discussed  in  published 
articles.  (The  Boeing  747  exploded  at  a  height  of 
about  13.000  feet  near  Long  Island,  New  York  in 
July  1996.  There  has  been  much  speculation  about 
the  cause  of  the  explosion,  which  has  still  not  been 
definitely  established.) 

A  Swedish  study  has  revealed  that  high-power 
microwave  (HPM)  sources  can  stop  cars  at  a 
distance  of  900  meters  and  cause  serious  damage 
at  a  distance  of  30  meters.  Although  dangerous  in 
the  wrong  hands,  this  type  of  application  could  be  of 
interest  to  law-enforcement  agencies  if  it  would  allow 
stolen  or  fugitive  vehicles  to  be  brought  safely  to  a 
halt  from  high  speeds. 

High-power  EM  emitters  couid  be  installed  in 
vans  along  highways  in  order  to  stop  car  traffic  and 
to  cause  malfunctioning  of  traffic  signals.  Similarly, 
if  the  vans  were  parked  outside  the  perimeter  of  a 
large  airport,  they  could  disrupt  the  proper 
functioning  of  systems  for  take-off  and  landing,  if 
such  vans  were  left  outside  computer  centres,  they 
could  cause  malfunctioning  of  computer  systems 
and  would  result  in  very  high  costs  in  lost  business, 
mistrust  and  a  bad  reputation  among  customers.  Of 
course,  if  the  computer  centre  controlled  critical 
industrial  systems,  the  results  could  be  even  more 
serious  in  terms  of  injury  and  loss  of  life. 


3.  WHAT  CAN  BE  DONE  ABOUT  IT? 

The  electromagnetic  compatibility  (EMC) 
community  must  be  prepared  to  deal  with  new 
threats  as  they  emerge.  This  article  is  intended  to 
make  people  aware  of  the  following: 

•  the  existence  of  intentional  EMI  and 
associated  phenomena; 

•  the  fact  that  Intentional  EMI  can  be 
undertaken  covertly  and  anonymously  and  that 
physical  boundaries  such  as  fences  and  walls  can 
be  penetrated  by  electromagnetic  fields; 

•  the  potentially  serious  nature  of  the  effects  of 
intentional  EMI  on  the  infrastructure  and 
important  functions  in  society,  such  as 
transportation,  communication,  security  and 
medicine; 

•  the  major  potentiai  impact  of  such  major 
disruptions  of  these  important  functions,  in  terms 
of  loss  of  life,  health,  money,  information,  trust, 
time,  and  possibly  other  areas; 

•  the  need  for  additional  research  into 
intentional  EMI  in  order  to  understand  the  large 
variation  of  susceptibility  levels  and  system 
weaknesses  and  to  establish  appropriate  levels 
for  dealing  with  such  treats; 

•  the  need  for  the  development  and  recognition 
of  techniques  for  appropriate  protection  against 
intentional  EMI  and  of  methods  that  can  be  used 
to  protect  the  public  from  the  damage  to  the 
infrastructure  that  could  occur  as  a  result  of  such 
intentional  EMI; 

•  the  need  to  develop  special  EM  monitors  to 
determine  when  an  attack  is  underway; 

•  the  necessity  for  high-quality  testing  and 
assessment  of  system  performance  when 
exposed  to  these  special  electromagnetic 
environments; 

•  the  need  for  the  EMC  community  to  provide 
usable  data  to  support  the  formulation  of 
standards  of  protection. 

4.  CONCLUSIONS 

Intentional  EMI  is  a  new  threat  to  electronic 
systems.  Fortunately  this  threat  has  been  recognised 
by  several  international  organisations,  the  lEC  and 
URSI,  and  new  work  is  underway  to  deal  with  the 
threat. 
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The  Commission  E  Open  Meeting  papers  consist  of 
a  combination  of  a  status  report  for  the  working  group 
of  interest  and  a  short  paper  in  the  area  of  interest  of 
the  working  group.  Recent  work  in  high  power 
electromagnetics  (HPE)  has  been  reported  in  the 
Reviews  of  Radio  Science  ] 996-1 999,  at  the  US 
National  Radio  Science  Meeting  and  most  recently  at 
the  EuroEM  Conference  in  Edinburgh.  Activities  are 
varied  and  range  from  models  of  the  electrical 
properties  of  the  center  of  a  lightning  return  stroke  to 
transient  antenna  design  to  the  design  of  gas  switches. 

HPE  fields  impact  equipment  in  a  variety  of  ways 
and  can  include  the  usual  interference,  disruption  and 
damage.  One  of  the  challenges  of  determining  the 
lethality  of  HPE  waveforms  is  the  extreme  variability  of 
the  effects.  Complete  conclusions  about  the  systems 
require  thorough  test  techniques.  HPE  tests  are  very 
expensive  so  that  choosing  an  efficient  test  strategy  is 
important  This  paper  outlines  some  of  those  test 
strategies  based  on  ** Design  of  Experiment*'  techniques. 

1.  HPE  COMMITTEE  ACTIVITIES 

High  Power  Electromagnetics  (HPE)  has  been  an 
important  part  of  Commission  E’s  research  interests 
since  the  formation  of  Commission  E.  HPE  is  the  study 
of  electromagnetic  field  generation,  coupling,  and 
system  interaction  for  those  cases  where  nonlinear 
phenomena  in  air  become  an  important  part  of  the 
interaction  process.  This  work  includes  high  power 
microwaves,  electromagnetic  pulse,  lightning  source 


region  interactions  and  related  phenomena.  There  is 
close  interaction  between  this  working  group  and  the 
working  groups  on  Interaction  with,  and  Protection  of. 
Complex  Electronic  Systems  and  Effects  of  Transients 
on  Equipment  as  well  as  the  newly  formed  working 
group  on  Intentional  Electromagnetic  Interference. 

Recent  activities  of  the  HPE  Working  Group  have 
included  preparation  of  two  articles  for  the  Reviews  of 
Radio  Science  [1,2],  support  of  an  HPE  session  for  the 
North  American  Radio  Science  Meeting,  and 
preparations  for  the  upcoming  EuroEM  meeting 
scheduled  for  28  May  2000  in  Edinburgh.  The  two  RRS 
papers  were  a  review  of  research  on  the  impulse 
radiating  antenna  (IRA)  and  a  review  of  some  of  the 
analytic  techniques  of  high  power  electromagnetics 
(HPE). 

The  IRA  is  a  new  and  exciting  antenna  design  that 
is  well  suited  for  radiating  fast  pulses  in  a  narrow  beam. 
Its  high  gain  at  early  times  (high  frequencies)  comes 
from  the  optical  like  behavior  of  its  dish  and  at  later 
times  from  a  unique  loading  design  in  its  feed  arms. 
There  are  variations  of  the  design  that  allow  additional 
flexibility  through  use  of  the  symmetry  features  of  tl\e 
antenna. 

HPE  modeling,  by  definition,  requires  the 
application  of  Maxwell’s  equations  with  various  models 
of  plasma  physics.  The  geometries  are  often  so  complex 
tliat  it  is  necessary  to  simplify  the  treatment 
considerably  and  still  describe  the  important  physical 
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effects.  This  RRS  chapter  includes  some  of  these 
simplifications  like  an  analytic  equation  of  state  for  air 
and  a  transmission  line  model  of  the  lightning  return 
stroke, 

Tlie  HPE  session  at  the  US  National  Radio  Science 
Meeting  that  was  held  in  January  2000  in  Boulder,  CO 
included  at  variety  of  topics.  There  were  two  different 
designs  of  transient  antennas  presented.  Several 
different  varieties  of  IRA  were  considered  in  the  session. 
Fast  closing  switches  are  used  to  drive  IRAs  and  other 
broadband  antennas.  Three  papers  discussed  the 
characteristics  of  these  switches.  Finally,  there  were 
papers  on  lightning,  laser  induced  microwave  emission 
and  HPM  susceptibility. 

The  EuroEM  conference  promises  to  be  the 
highlight  of  the  biennium  for  the  HPE  community. 
There  are  sessions  being  organized  in  most  of  the 
components  of  HPE.  Topics  include  lugh  power 
microwave  sources  and  effects,  electromagnetic  pulse, 
lightning,  and  other  topics  in  HPE  research.  The 
technical  basis  for  HPE  including  coupling,  generation, 
and  vulnerability  are  all  part  of  the  program. 

This  promises  to  be  an  exciting  year  in  HPE 
research.  There  is  increased  understanding  of  tlie 
phenomena  of  interest  gained  through  better  analytic 
and  computer  models  as  well  as  significant  effects 
research. 

2.  ISSUES  IN  SUSCEPTIBILITY  TESTING 

RF  weapons  are  complex  assemblies  of  RF 
oscillators,  pulse  forming  networks  and  antennas. 
These  weapons  interact  with  targets  along  complex 
paths  that  are  difficult  to  predict.  Complex  coupling 
geometries  and  varying  tactical  scenarios  lead  to 
varying  susceptibility  levels  that  complicate  the  weapon 
assessment  process.  This  situation  requires  a 
combination  of  empirical  and  analytical  techniques  for 
RF  system  analysis.  Even  with  complete  treatment  of 
all  of  these  issues,  the  variability  of  HPE  effects  ranges 
over  10  or  more  orders  of  magnitude  in  power  density 
13]. 

Drawing  conclusions  from  the  RF  susceptibility 
data  requires  careful  plaiming  and  attention  to  the 
requirements  of  statistical  significance.  [4,5].  The  chief 
difficulties  in  RF  susceptibility  data  analysis  are  the 
large  number  of  parameters  and  the  sensitivity  of  the 
data  to  small  variations  in  test  conditions.  Susceptibility 
or  immunity  levels  can  vary  a  great  deal  with  changes  in 
any  of  the  parameters.  Developing  trends  in  the  data 
therefore  requires  sample  sizes  of  usually  20  or  more 
examples  of  the  target.  On  the  other  hand,  large 
numbers  of  the  test  objects  are  usually  not  available  or 
are  very  expensive. 


3.  OBJECTIWS  OF  WLNERABILITY  TESTING 

The  first  step  in  assessing  the  response  of  a  system 
to  RF  attack  is  to  clearly  state  the  objectives  of  the 
experiments  and/or  analysis  [6].  For  protection,  we 
want  to  know  the  potential  weaknesses  or  failures  of  a 
system  when  exposed  to  a  variety  of  potential  threats. 
The  type  of  threat  can  be  limited  by  a  clear  definition  of 
the  potential  adversary  [7].  We  will  want  to  know  if 
there  are  any  particularly  soft  conditions  or  sweet  spots 
in  the  defended  system  we  need  to  consider. 

Once  the  system  and  tlneat  are  described  we  wiU 
need  to  know  wliat  effects  are  important  to  the  system. 
Upset  of  a  computer  may  be  catastrophic  to  one  system 
and  an  irritation  to  another. 

Our  final  task  is  to  determine  and  state  clearly  the 
most  important  parameters  in  the  scenario  and  to  state 
the  potential  system  effects  as  functions  of  system 
configuration  and  source  parameters.  There  are 
potentially  10s  to  hundreds  of  parameters  available  in 
the  total  source-target  interaction.  The  large  number  of 
parameters  makes  the  determination  of  susceptibility  or 
vulnerability  a  difficult  task  whether  done 
experimentally  or  analytically. 

4.  PARAMETER  DEFINITION 

So,  what  we  want  to  do  is  to  map  out  the  failures  in 
a  large  parameter  space  and  specifically  identify 
particular  system  weaknesses.  This  process  is  a 
challenge  with  the  large  number  of  parameters  available 
to  the  source  designers  and  required  to  describe  the 
protected  system. 

Still  there  are  a  number  of  parameters  that  must  be 
considered  coming  to  a  conclusion  about  a  system.  For 
the  source,  some  parameters  are: 

a.  Field  strength  at  the  target. 

b.  Waveform  of  each  pulse 

1)  Rise  time 

2)  Area  or  energy 

3)  Center  frequency 

4)  Bandwidth 

c.  Total  number  of  pulses 

d.  Pulse  rate. 

e.  Field  level  as  a  function  of  distance 

f.  Reflected  fields 

g.  Access  to  tlie  target  by  the  weaponeer 

An  electromagnetic  description  of  the  target  system 
is  more  difficult  and  usually  requires  a  topological 
decomposition  of  the  system.  Our  process  is  aided  by 
tlie  likelihood  to  that  our  defined  task  is  to  protect  some 
particular  facility  or  system.  Even  for  a  single  system, 
there  are  many  remaining  parameters.  There  may  be 
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doors  that  can  be  opened  or  closed.  The  system  may 
have  connections  that  can  be  in  place  or  not  or  the 
system  may  even  be  portable  so  its  location  must  be 
described. 

Locations  of  individual  wires  in  a  system  may 
make  a  difference  in  susceptibility  and  our  physical 
imderstanding  of  the  interaction  is  not  sufficient  to 
determine  the  threshold  for  wire  movement  that  changes 
the  result  of  a  susceptibility  experiment.  Some 
particular  modulations  or  waveforms  may  be 
particularly  effective  against  some  targets.  For  example 
LoVetri,  et  al  [8]  found  that  certain  modulations  on 
carriers  tuned  to  a  computer  case  caused  failures  at  field 
strengths  as  low  as  30  V/m.  As  noted,  it  is  this  kind  of 
vulnerability  that  causes  the  largest  problem  for  systems 
that  requires  protection  from  RF  attack. 

5.  AN  EXPERIMENT  STRATEGY 

Most  experiments  in  HPE  susceptibility  are 
anecdotal  experiments.  That  is,  one  test  object  is  placed 
in  front  of  a  source  and  tlic  target  system  either  fails  or 
it  doesn’t.  Experiments  of  this  type  yield  little 
information  that  can  be  used  to  predict  the  outcomes  of 
other  experimental  or  operational  situations.  Next, 
there  are  some  limited  parameter  variations.  Test 
objects  and  test  execution  are  expensive  so  there  are  few 
repetitions.  The  results  are  not  statistically  significant 
at  any  useful  confidence  level.  If  there  is  an  effort  to 
make  statistically  significant  experiments,  the 
experimenters  will  usually  only  consider  one  parameter. 
That  parameter  might  be  distance  from  the  source  or  it 
might  be  test  object  serial  number.  For  many  of  the 
situations  of  interest  to  this  community,  30-50  tests  are 
required  to  complete  a  study  of  one  parameter.  The 
number  of  tests  here  is  typically  known  as  tlie  number  of 
degrees  of  freedom  when  calculating  descriptive 
statistics.  There  are  rarely  sufficient  resources  to 
investigate  one  parameter  in  this  manner,  much  less  the 
number  required  for  a  coherent  physical  review  of  tlie 
interaction  with  the  target.  This  method  is  known  as 
the  one-variable-at-a-time  approach.  We  need  a  better 
strategy  to  treat  all  of  the  parameters  efficiently. 

With  all  of  these  parameters  we  must  find  out 
which  ones  are  most  important  by  some  means  other 
than  intuition.  Fortunately,  there  are  statistical  tools 
available  to  make  that  determination  [9].  First,  we  need 
to  have  a  numerical  scheme  to  describe  the  effects.  One 
might  use  a  sliding  scale  of  interference,  disturbance, 
disruption,  and  damage,  for  example.  The  next  step  is 
to  take  each  of  the  parameters  and  plan  experiments  for 
high  and  low  values  of  each  of  them.  Experiments  like 
this  are  called  factorial  designs  and  the  number  of 
experiments  goes  up  as  2".  That  can  be  a  lot  of 
experiments,  but  significantly  less  than  the  one- 
variable-at-a-time  technique.  When  the  experiments  are 


done,  we  have  values  describing  system  effect  as  a 
function  of  the  many  parameters.  In  other  words,  we 
have  a  multidimensional  conceptual  plot  of  effects  level. 
The  response  to  variation  in  the  parameters  must  be 
smooth  and  relatively  monotonic  for  this  technique  to 
work.  Resonant  response  cannot  be  treated  effectively 
with  this  method.  Simultaneous  solution  and 
determination  of  the  sensitivity  of  the  effects  level  to 
each  parameter  can  be  found  by  analysis  of  variance 
techniques.  A  standard  analysis  of  variance  (ANOVA) 
relates  tlie  changes  in  variance  to  the  particular 
parameter.  The  method  also  will  determine  similar 
relations  for  combinations  of  variables  or  cross  terms. 
Information  on  the  sensitivity  of  effects  to  combinations 
of  variable  is  not  available  through  “one-  variable-at-a- 
time”  techniques. 

Examining  data  in  this  way  is  a  well-understood 
process  in  reliability  engineering  and  related  disciplines, 
but  is  rarely  used  in  engineering  experiments.  The 
technique  is  known  as  Design  of  Experiment  concepts. 
In  this  method  only  a  few  (2-3)  values  of  each  of  the 
parameters  is  considered  in  the  experiment  plaiming. 
This  method  of  experiment  planning  greatly  reduces  the 
total  number  of  tests  necessary  for  statistical 
significance.  For  this  technique  tlie  number  of  degrees 
of  freedom  is  related  to  the  number  of  experiments  not 
to  the  number  of  experiments  per  parameter  as  it  is  in 
the  one-variable-at-a-time  technique. 

This  technique  is  best  applied  in  stages.  In  the  first 
pass,  we  can  eliminate  many  of  the  parameters  that 
don’t  change  the  effects  level  very  much,  Witli  a  few 
remaining  parameters  wc  can  treat  the  variations  more 
carefully,  particularly  if  the  variation  witli  the  parameter 
is  not  linear.  Tliree  or  more  experiments  per  parameter 
allow  the  possibility  of  a  maximum  within  the 
parameter  space  examined.  Complex  response 
functions  require  many  data  points  to  resolve  the 
parameter  sensitivity. 

This  strategy  allows  us  to  efficiently  design 
susceptibility  tests.  It  also  allows  us  to  quantitative 
examine  a  number  of  important  parameters  that  are 
needed  to  describe  a  particular  engagement  scenario. 
Further  work  is  required  to  understand  the  uncertainties 
that  are  introduced  by  specific  sampling  methods. 
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Abstract:  The  1997-98  Ef  Niho  is  one  of  the  strongest 
El  Niho  Southern  Oscillation  (ENSO)  events  of  this 
century.  The  major  impact  of  the  sea  surface 
temperature  (SST)  change  during  this  El  Niho  event 
was  the  shift  in  the  convection  activity  from  the  western 
to  the  central  and  eastern  Pacific  affecting  the  response 
of  rain-producing  cumulonimbus.  As  a  result,  convective 
rainfalls  were  suppressed  near  the  western  Pacific 
regions  and  maritime  continents  including  Indonesia.  On 
the  other  hand,  the  lightning  activity  during  El  Niho 
period  increased  in  contrast  (on  the  average  of  57%). 
As  observed  by  the  Tropical  Rainfall  Measuring  Mission 
(TRMM)  Lightning  Imaging  Sensor  (LIS)  and 
Precipitation  Radar  (PR),  the  convective  storms  during 
El  Niho  were  more  intense.  This  was  supported  by  the 
facts  that  the  El  Mho’s  storms  had  greafer  vertical 
developments  and  thicker  zones  containing  ice  phase 
precipitation. 

1.  INTRODUCTION 

The  1997-98  El  Niho  event  is  the  strongest  on 
record,  comparable  in  magnitude  to  1982-1983  episode 
[Chandra  et  al.,  1998;  McPhaden  and  Yu,  1999].  The  El 
Nifto  began  to  develop  In  March  1997  and  has 
strengthened  rapidly  since  then.  The  western  Pacific 
warm  pool  migrated  eastward  with  the  collapse  of  the 
trade  winds  [Chandra  et  al.,  1998;  McPhaden  and  Yu, 
1999;  Lau  and  Wu,  1999].  After  a  gradual  decline  In  the 
intensity  of  these  thermal  anomalies  in  early  1998,  the 
El  Niho  event  abruptly  ended  during  May-June  1998 
and  then  the  SST  reverted  to  a  normal  condition  (some 
Investigators  confirmed  that  a  La  Nina  event  appeared 
after  El  Niho  event).  The  major  impact  of  the  El  Niho 
was  less  convection  in  the  Western  Pacific  and 
maritime  continent  including  Indonesia,  or 
approximately  from  Papua  New  Guinea  to  the  eastern 
and  central  Indian  Ocean  and  central  East  Asia.  As  a 
result,  there  has  been  a  significant  decrease  in  rainfall 
and  convection  activity  over  the  western  Pacific  and 
maritime  continent  [Chandra  et  a!.,  1998;  Lau  and  Wu, 
1999;  Shen  and  Kimoto,  1999].  These  changes  during 
El  Niho  affected  atmospheric  circulation.  Since  tropica! 
storms  and  deep  convection  are  directly  linked  to  the 
transport  of  momentum,  heat,  and  moisture  in  the 
atmosphere,  several  changes  on  atmospheric 
circulation  during  El  Niho  could  possibly  influence  storm 
frequency  and  Intensity  [Williams,  1992b].  One  aspect 
of  storms  is  lightning  activity. 


Several  investigators  have  documented  relating 
lightning-producing  storms.  Lightning  activity  is  related 
to  the  stage  of  convective  cloud  development  [Williams 
et  al.,  1989],  the  intensity  of  updrafts  [Lhermitte  and 
Williams.  1983;  Williams  et  al.,  1992a],  cloud  structure 
[Rust  and  Doviak,  1982],  convective  available  potential 
energy  (CAPE)  [Williams  et  al.,  1992a;  Williams  and 
Renno,  1993]  and  even  surface  air  temperature 
[Williams  et  al.,  1992a;  Williams,  1992b;  Williams, 
1994;  Price,  1993].  Williams  et  al.  [1992a]  reported  that 
the  vertical  development  of  convection  is  positively 
correlated  with  updraft  intensity  that  transport 
supercooled  drops  and  ice  particles  into  the  mixed 
phase  regions  (between  0°C  and  40‘^C),  so  that  it  can 
be  shown  that  the  vertical  development  is  also  strongly 
related  to  lightning  activity.  Observations  over  the 
oceans  have  found  that  oceanic  storms,  compared  to 
continental  storms,  showed  very  weak  updraft,  and 
consequently  they  have  vertical  reflectivity  profiles 
exhibiting  modest  at  low  levels,  and  decreasing  rapidly 
with  height  above  the  freezing  level  [Jorgensen  and 
LeMone,  1989;  Szokeetal.,  1986]. 

The  purpose  of  this  study  is  to  Investigate  the 
implications  of  the  change  in  convective  precipitation 
due  to  1997-98  El  Niho  event  on  the  lightning  activity  in 
a  certain  tropical  region  and  their  possible  correlation 
with  some  parameters  for  storms.  The  tropical  region, 
which  was  selected,  is  Indonesia  {6®N  -  11®S  and  95°E  - 
141°E). 


2.  DATA  SETS 

For  this  work,  we  used  data  set  scanned  by  the 
Tropica!  Rainfall  Measuring  Mission  (TRMM)  satellite. 
The  TRMM  is  a  joint  effort  between  the  National 
Aeronautics  and  Space  Administration  (NASA)  of  U.S. 
and  the  National  Space  Development  Agency  (NASDA) 
of  Japan  to  study  tropical  and  subtropical  rain  systems. 
The  TRMM  satellite  carries  five  sensors  and  the 
characteristics  of  each  sensor  have  been  described  by 
Kummerow  et  al.  [1998].  The  TRMM  satellite  crosses 
over  Indonesia  at  least  two  times  and  a  maximum  of  six 
times  a  day  during  ascending  and  descending  passes. 
Therefore  the  collected  data  are  not  full  time 
observations  over  Indonesia  but  are  collected  just 
during  the  TRMM  overpasses  Indonesia.  The  data  sets 
used  are  from  two  of  the  sensors,  as  follows: 
i)  Lightning  data  from  the  TRMM  Lightning  Imaging 
Sensor  (LIS):  provided  by  the  Global  Hydrology 
Resource  Center  (GHRC),  the  Information  Technology 
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component  of  the  Global  Hydrology  and  Climate  Center 
in  Huntsville,  Alabama  (URL: 

http://ghrc.msfc.nasa.gov/).  Since  LIS  detects  optical 
emissions  during  lightning  discharges,  the  data  sets 
used  correspond  to  intra-cloud  and  cloud-to-ground 
flashes. 

ii)  Precipitation  data  from  TRMM  precipitation  radar 
(PR):  supplied  by  the  TRMM  Science  Data  and 
Information  System  (TSDIS)  and  distributed  to  the 
public  by  the  Distributed  Active  Archive  Center  (DAAC) 
(URL:http://daac.gsfc.nasa.gov/)  at  NASA  Goddard 
Space  Flight  Center.  The  TRMM  PR  data  used  are:  (a) 
3A-25  Planetary  Grid  1  which  has  0.5®  grid  intervals 
ranged  from  6°N  to  11®S  and  95®E  to  141®E.  These 
Include  the  mean  convective  rainfall  (convRalnMean2), 
the  mean  convective  storm  height  (stormHelghtMean), 
the  mean  depth  of  ice  phase  precipitation 
(sdepthMean2),  and  the  mean  bright  band  height 
(bbheightMean),  (b)  3A-25  Planetary  Grid  2  which  has 
5®  grid  Intervals  ranged  from  5®N  to  10®S  and  95®E  to 
140°E,  and  the  data  are  histogram  for  convective 
rainfall  (convrainH). 


3.  RESULTS 

Figure  1  shows  the  monthly  variation  and  diurnal 
variation  of  lightning  flashes  over  Indonesia  from 
December  1997  to  May  1999.  No  lightning  data  are 
provided  before  December  1997  because  the  TRMM 
satellite  was  launched  in  November  1997.  Indonesia 
has  relatively  high  lightning  activity  from  November  to 
April  (corresponding  to  the  rainy  season)  and  a  low 
lightning  activity  from  May  to  October  (corresponding  to 
the  dry  season)  [Hamid  et  al.,  1999].  The  rainy  season 
also  relates  to  the  Aslan  winter  monsoon,  which 
coincides,  in  part,  with  the  Australian  summer 
monsoon.  A  key  point  in  this  figure  is  the  contrast  in 
number  of  flashes  between  December  1997  to  May 
1998  and  December  1998  to  May  1999  with  the  highest 
incident  times  in  the  early  to  the  late  afternoon  (about 
13  to  19  local  time).  It  is  noted  that  December  1997  to 
May  or  June  1998  correspond  to  El  Niho  period,  which 
intercepts  with  rainy  season  period.  On  the  average  the 
number  of  flashes  increases  about  57%  during  El  Niho 


lightning  flashes  occurred  during  those  months  (a  92% 
Increase  during  March  1998).  We  use  the  term  number 
of  lightning  flashes  rather  than  the  lightning  flash  rate  to 
represent  the  lightning  activity  in  the  discussion. 

The  spatial  distribution  of  lightning  flashes  during 
March  1998  and  1999  is  shown  In  Fig.  2.  The  figure 
clearly  shows  that  in  March  1998  the  lightning  activity 
was  generally  more  intense,  but  not  everywhere. 
However,  the  number  of  pixels  of  convective  rainfalls  in 
March  1998  as  shown  in  Fig.  3  was  apparently  lower 
than  that  in  March  1999.  The  number  of  pixels  of 
convective  rainfalls  can  be  an  indicator  of  convective 
storm  activity. 

Figure  4  shows  that  the  convective  rainfalls  were 
more  widespread  across  the  ocean  In  March  1999  than 
those  in  March  1998.  The  larger  number  of  convective 
rainfalls  in  March  1999  occurred  both  on  the  land/coast 
and  ocean  (see  Fig.  3).  From  Fig.  2,  it  is  obvious  that 
lightning  flashes  were  concentrated  on  land  and  the 
coast  and  were  very  rare  lightning  on  the  ocean,  even 
though  in  March  1999  the  convective  rainfalls  were 
widespread  across  the  ocean.  This  behavior  has  been 
observed  in  previous  studies.  Jorgensen  and  LeMone 
[1989]  made  observations  of  oceanic  storms  and  stated 
that  oceanic  storms  show  very  weak  updraft,  even 
though  the  convective  clouds  develop  to  great  depths  in 
the  oceanic  atmosphere.  Due  to  weak  updrafts,  oceanic 
storms  rarely  have  high  reflectivity  regions  extending 
above  the  freezing  level  (0®C),  meaning  there  will  be 
few  large  ice  phase  particles  therein  [Szoke  et  al.,1986]. 
However,  typical  freezing  level  locations  for  oceanic  and 
continental  storms  are  similar  [Jorgensen  and  LeMone, 
1989]  (see  later  Fig.  7). 

From  the  spatial  distribution  of  convective  storm 
heights  as  shown  in  Fig.  5  it  is  shown  that  in  March 
1999  the  storms  were  more  widely  distributed  across 
the  land  and  ocean  (like  the  distribution  of  convective 
rainfalls)  and  can  develop  to  quite  high  altitude  (7000- 
9000  m)  in  the  atmosphere.  The  storm  height  in  this 
study  is  the  height  of  a  storm  from  the  ground  level  to 
the  minimum  detectable  reflectivity  value  (~16  -  18 
dBz).  The  interesting  part  in  Fig.  5  is  that  the  storms 
were  more  concentrated  on  land  and  coast  and  had 
higher  vertical  developments  during  March  1998  than 
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Fig.  1.  Monthly  variation  (left)  and  diurnal  variation  (right)  of  lightning  activity  over  Indonesia  (6®N-11®S 
and  95®E  -141®E).  December  1997  to  May  or  June  1998  correspond  to  the  El  Niho  period  and  the  other 
months  correspond  to  the  normal  period. 

period.  As  a  case  study  we  focus  on  the  comparison  of  the  storms  during  March  1999.  The  spatial  locations  of 
lightning  activity  between  March  1998  and  March  1999,  the  storms  that  have  high  vertical  reflectivity  were  the 

since  some  of  the  greatest  difference  in  the  number  of  same  with  those  of  intense  lightning  activity  as  seen  in 
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(a)  (b) 

Fig.  2.  Spatial  distribution  of  lightning  activity,  (a)  March  1998,  and  (b)  March  1999. 
The  number  of  flashes  is  sampled  every  0.5°  x  0.5°. 
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Fig.  3.  Number  of  pixels  of  convective  rainfalls  over  Indonesia  at  an  altitude 
of  2  km  during  March  1998  and  March  1999.  One  pixel  corresponds  to  an 
instantaneous  field  of  view  (IFOV)  during  TRMM  PR  scanning  (similar  to 
~4.3  X  4.3  km^  at  ground  level).  Selected  grids  for  the  land  and  coast  are 
(0°-5°N  and  95°E-105°E),  (0°-5°N  and  110°E-120°E),  (0°-5°S  and  100°E- 
105°E).  (0°-5°S  and  110°E-125°E),  (0°-5°S  and  130°E-140°E).  (5°S-10°S 
and  105°E-125°E).  and  (5°S-10°S  and  135°E-140°E).  The  rest  grids  are  for 
the  ocean. 


Fig.  2.  Since  the  lightning  activity  took  place  primarily 
on  land  and  coast,  the  search  for  the  explanation  of  the 
large  difference  in  number  of  flashes  between  March 
1998  and  March  1999  is,  therefore,  focused  on  the 
storms  that  occurred  on  the  land  and  the  coast. 

Figure  5,  as  discussed  earlier,  shows  that  during 
March  1998  the  land  and  coast  have  higher  vertical 
developments  than  those  during  March  1999.  Since 
higher  vertical  developments  Is  positively  correlated 
with  stronger  updraft.  It  can  be  shown  that  higher 
vertical  developments  also  relates  to  higher  lightning 
activity  [Williams  et  al.,  1992a].  Larger  updraft 
velocities  within  the  electrified  clouds  must  be 
sufficiently  intense  to  carry  larger  particles  in  the  solid 
phase  by  riming  and  with  a  larger  accumulation  of  ice- 
phase  condensate  in  the  mixed  phase  region.  A  larger 
accumulation  of  ice-phase  causes  a  more  vigorous 
separation  of  positive  and  negative  charge  by  ice 
particles  collision  [Williams,  1994];  this  charge 
separation  then  would  result  in  more  rapid  breakdown 
and  hence  more  frequent  lightning  [Solomon  and  Baker, 
1998;  Takahashi  et  al.,  1999].  As  shown  in  Fig.  2,  large 
lightning  activity  occurred  wherever  high  vertical 


developments  were  present  (compare  with  Figure  5). 
Additional  evidence  that  the  storms  in  March  1998 
contained  larger  amount  of  precipitation  particles  above 
the  freezing  level,  which  are  responsible  for  electrical 
discharges,  is  indicated  by  the  snow  depth  as  seen  in 
Fig.  6.  The  snow  depth  is  the  thickness  of  the  cloud 
containing  snow,  graupel,  and  other  precipitation 
particles  above  the  freezing  level.  However,  the 
locations  of  the  freezing  level  above  the  ground, 
represented  by  the  bright  band  heights  in  Fig.  7,  were 
not  significantly  different  between  March  1998  and 
March  1999.  They  were  in  a  range  of  4000  -  4750  m  on 
the  land  and  coast.  This  means  that  the  height  of 
storms  is  not  or  less  affected  by  the  height  of  freezing 
levels,  but  it  is  due  to  the  thickness  of  ice  phase 
precipitation  zones. 

4.  SUMMARY  AND  DISCUSSIONS 

The  Increase  in  number  of  lightning  flashes  during 
El  Niho  over  Indonesia  has  been  studied  by  taking  a 
comparison  of  lightning  activity  between  March  1998, 
corresponding  to  El  Niho  period,  and  March  1999, 
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corresponding  to  normal  period.  The  main  differences 
are  summarized  as  follows: 

i)  On  ocean;  During  El  Niho  period  (normal  period)  the 
number  of  convective  storms  decreases  (increases), 
meanwhile  the  number  of  lightning  flashes  remains  low. 
II)  On  land  and  coast:  During  El  NIfto  period  (normal 
period)  the  number  of  convective  storms  decreases 
(increases),  on  the  contrary,  the  number  of  lightning 
flashes  increases  (decreases).  These  indicate  that 
convective  storms  are  more  Intense  during  El  Nifto 
period  so  that  they  can  produce  more  lightning 
discharges.  The  higher  intensity  of  convective  storms  is 
supported  by  the  facts  that  the  storms  have  higher 
vertical  developments  and  thicker  ice  phase 
precipitation  zones. 
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phase.  The  point  deserving  greater  emphasis, 
particularly  for  the  tropics,  is  that  the  production  of 
rainfall  in  the  tropics  requires  only  very  modest  lifting 
(because  only  the  liquid  phase  is  necessary  for 
abundant  rainfall)  but  the  production  of  active  lightning 
requires  deep  lifting  (because  a  vigorous  ice  phase  is 
essential).  No  wonder  the  lightning-rainfall  relationship 
is  non-unique  [Earle  Williams,  personal  communication, 
2000].  This  means  that  one  must  be  cognizant  of 
meteorological  regime  in  generalizing  about  lightning- 
rainfall  relationship  [Petersen  and  Rutledge,  1998; 
Williams  et  al..  1992a]. 

Turning  now  to  the  effect  of  surface  air  temperature. 
Since  lightning  frequencies  in  the  tropics  are  very 
sensitive  to  small  increase  in  surface  air  temperature 
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Fig.  4.  Spatial  distribution  of  the  mean  convective  rainfalls  at  an  altitude  of  2  km,  (a)  March  1998, 
and  (b)  March  1999.  The  convective  rainfalls  were  uniformly  distributed  across  land/coast  and 
ocean  during  March  1999,  but  more  concentrated  on  land  and  coast  during  March  1998. 
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Fig.  5.  Spatial  distribution  of  the  mean  convective  storm  heights,  (a)  March  1998,  and  (b) 
March  1999.  The  storm  height  corresponds  to  the  vertical  development  of  convection. 


Previous  studies  of  El  Nlho  over  land  areas  in  other 
parts  of  the  world  have  emphasized  that  El  Niho  is  the 
warm  phase  (higher  surface  air  temperature  then  during 
normal  period)  and  the  dry  phase  [Amarasekera  et  al., 
1997;  Kent  et  al.,  1995].  Numerous  other  studies  have 
pointed  out  to  a  proportionality  between  rainfall  and 
lightning,  leading  to  the  inference  that  the  wet  phase 
(abundant  rainfall)  is  the  active  lightning  phase.  This 
latter  result  runs  counter  to  the  result  In  this  study  and 
also  to  the  study  of  Williams  [1992b]  that  concluded 
that  the  warm  phase  was  also  the  active  lightning 


[Williams,  1992b]  and  the  surface  air  temperature  over 
the  majority  of  tropical  lands  increases  during  El  Nino 
years  [Hansen  and  Lebedeff,  1987],  then  the  warm 
phase  of  El  Niho  may  cause  larger  lightning  activity, 
because  the  increase  in  surface  air  temperature  affects 
to  the  larger  CAPE,  which  is  associated  to  the  deeper 
clouds  and  larger  updrafts  in  episodic  deep  convection 
[Williams  and  Renno,  1993].  Additionally,  satellite 
observations  (SAGE  -  Stratospheric  Aerosol  and  Gas 
Experiment)  of  upper  tropospheric  cirrus  by  Kent  et  al. 
[1995]  have  found  more  cirrus  during  the  warm  phase 
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Fig.  6.  Spatial  distribution  of  the  mean  depth  of  ice  phase  precipitation,  (a)  March 
1998,  and  (b)  March  1999. 
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Fig.  7.  Spatial  Istrlbution  of  the  mean  bright  band  height,  (a)  March  1998,  and  (b) 
March  1999.  .  Bright  band  is  a  melting  region,  which  is  lying  at  or  just  below  0°C 
Isotherm.  The  height  of  bright  band  levels  is  not  different  for  land/coast  and  ocean  for 


both  months. 


El  NIflo  at  many  places  throughout  the  tropics,  Including 
Indonesia.  These  observations  are  consistent  with 
larger  vertical  development  (where  the  cirrus  detrains) 
In  this  study.  Furthermore,  Rutledge  et  al.  [1992]  and 
William  et  al.  [1992a]  reported  during  the  Down  Under 
Doppler  and  Electricity  Experiment  (DUNDEE)  In 
Darwin  that  within  the  Australian  monsoon  two  primary 
modes  of  convection  exist  over  land  areas,  one 
characteristic  of  tropical  oceanic  convection  (during  the 
active  monsoon)  and  another  of  continental  convection 
(during  the  break  monsoon).  Continental  convection 
can  produce  lightning  rate  larger  than  oceanic  storms, 
and  this  Is  because  oceanic  convection  often  display  no 
electrification  and  show  rapid  decrease  in  vertical  radar 
reflectivity  above  the  freezing  level  even  when 
precipitation  is  heavy.  Continental  and  oceanic 
convection  that  exhibit  very  different  radar  reflectivity 
about  freezing  levels  can  often  grow  to  considerable 
depth  (15-20  km).  If  the  differences  between  continental 
and  oceanic  convection  during  DUNDEE  are 
representative  of  differences  elsewhere  In  the  tropical 
lands,  then  the  convection  during  El  Niho  period  In 
Indonesia  is  more  "continental  like"  because  the  vertical 
reflectivity  development  of  the  storms  is  larger  and  the 
rainfall  yield  per  lightning  flash  (e.g.  March  1998) 
decrease. 

Other  mechanisms  of  producing  larger  lightning 
activity  that  should  also  be  considered  are  land-sea 


breeze  circulations  over  the  numerous  Islands 
contained  in  Indonesian  maritime  continent.  Since  the 
SST  Is  suppressed  [Chandra  et  al.,  1998;  McPhaden 
and  Yu,  1999;  Lau  and  Wu,  1999]  and  the  surface  air 
temperature  over  tropical  lands  Increases  during  El 
Niho  years  [Hansen  and  Lebedeff,  1987],  then  there  will 
be  more  significant  land  vs.  ocean  differences  In 
heating  profiles  within  the  maritime  continent.  Due  to 
these  temperature  contrasts,  it  can  be  expected  that 
over  islands  where  sea  breeze  and  topographic  effects 
can  be  important,  deeper  convection  may  occur  during 
El  Nino  than  during  normal  period.  The  deeper 
convection  may  have  greater  vertical  developments, 
which  are  responsible  for  producing  larger  lightning 
flashes. 
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network.  Tlie  signals  coming  from  tiie  PC  through  the 
Etliemet  network  and  the  cxoupling  unit  are  transmitted 
trough  tlie  LV  network  to  a  MV/LV  substation  where  is 
a  so-called  base  station.  The  signal  is  deviated  to  this 
base  station  before  entering  the  MV/LV  transformer. 

Tlie  coiuiection  between  the  base  stations  which  are 
collecting  tlie  infonnation  at  the  level  of  a  town  district 
and  tlie  long  distance  links  between  different  towns  can 
be  achieved  in  different  ways  : 

optical  fiber  links  dedicated  to  this  connection; 
radio  links  already  existing  and  used  by  the 
utility  for  its  own  services. 


L  INTRODUCTION 

Distribution  power  lines  have  been  used  for  long 
time  to  transmit  specific  infonnation  pertaining  to  tlie 
network  operation  or  to  various  services  which  electric 
utilities  are  offering  to  tlieir  customers.  The  range  of 
frequencies  used  for  this  service  was  from  a  few 
hundred  of  Hz  up  to  150  kHz,  where  tlie  public  radio 
frequency  band  begins. 

In  the  last  2-3  years,  feasibility  studies  have  been 
performed  in  various  countries  to  check  the  possibility 
of  using  the  low  voltage  distribution  network  to  provide 
data  transmission  and  eventually  also  telephonic  links  to 
individual  customers  at  frequencies  up  to  30  MHz  [1], 
Tliis  application  is  particularly  interesting  for  power 
utilities  which  can  enter  in  this  way  the 
telecommunication  market. 

However,  this  transmission  mode  in  the  frequency 
band  extending  from  1  to  30  MHz  will  present  various 
and  quite  complex  EMC  problems.  Tlie  main  problem 
will  probably  be  the  emission  of  electromagnetic  noise 
which  can  interfere  witli  public  radio.  Some  immunity 
aspects  should  probably  also  be  considered. 


Fig.  1  -  Principle  arrangement  for  the  use  of  the  LV 
power  network  for  information  transmission. 

III.  EMC  EMISSION  PROBLEMS 

Tlie  power  distribution  network  at  the  level  of  a 
town  district  is  used  to  transmit  infonnation  by  sending 
it  from  a  so-called  backbone  station  through  cables 
running  along  the  streets  which  then  enter  indidual 
houses, ,  administrative  buildings  or  industries  (fig.  2). 

EMC  emission  problem  due  to  the  use  of  the  LV 
power  network  for  information  transmission  are  at  three 
different  levels : 


11.  GENERAL  VIEW  OF  THE  METHOD 

A  modem  connected  to  the  Etliemet  network  is 
installed  at  the  customer  (fig.  1).  One  or  several  PCs  can 
be  connected  to  the  Ethernet  network.  Tlie  modem  is 
connected  through  a  coupling  unit  to  the  LV  distribution 


indoor  level; 
street  level; 

general  environment  level. 


III.1  Indoor  level 
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When  signals  at  frequencies  up  to  30  MHz  are 
transmitted  through  the  low  voltage  distribution 
network,  indoor  disturbances  can  occur  due  to  the 
possible  interference  of  the  electromagnetic  field 
radiated  by  the  network  with  various  installations  :  radio 
receivers,  video  equipment,  CD  players  and  others. 


buMkig 

Fig,  2  -  Use  of  the  LV  distribution  power  network  in  a 

district  of  the  town  for  information  transmission 

The  difficulties  to  determine  the  level  of  such 
disturbances  are  connected  to  : 

the  complicated  and  very  big  variety  of  the 
possible  arrangements  of  the  LV  network  in  a 
house; 

the  small  dimensions  of  the  rooms  which  does 
not  permit  to  perform  measurements  v  at 
distances  from  the  disturbance  source  larger 
than  about  1  m.  The  consequence  is  that  these 
measurements  will  be  performed  in  a  strongly 
non-uniform  field. 

This  means  that  for  modeling  the  LV  circuit  in  an 
individual  house  or  public  building  (administrative  or 
industry)  in  order  to  calculate  radiation,  codes  like  NEC 
can  be  used,  but  for  this  task  one  needs  computers  witli 
large  memory;  and  a  large  number  of  calculations  to 
include  a  big  variety  of  configurations  and  obtain  a 
statistical  result. 

For  the  experimental  part,  due  to  the  high  non¬ 
uniformity  of  the  field  in  the  small  rooms  of  the  houses, 
a  field  mapping  over  the  room  surface  will  be  needed. 
Like  for  the  calculations,  due  to  the  big  variety  of 
configurations,  in  order  to  have  reliable  results,  a  large 
number  of  measurements  will  be  needed. 

The  first  published  results  in  this  direction  [2],  show 
that  the  CISPR  22  limit  for  conducted  emission  is  not 
respected  for  a  PLT  (power  line  technology)  modem 
connected  on  the  LV  network  (fig.  3).  Even  if  this  result 
should  be  taken  with  precaution  because  it  shows  the 
peak  value,  while  the  limit  is  fixed  for  the  quasi-peak,  it 
gives  an  indication  that  EMC  problems  might  arise 
when  this  power  line  technology  (PLT)  or  power  line 
communication  (PLC)  are  used  inside  a  house. 

nL2  Out  door  level 

It  can  be  assumed  that  at  some  moments  of  tlie  day, 
due  to  the  simultaneous  input  coming  from  a  large 
number  of  individual  connections,  tlie  total  traffic 


flowing  in  the  outdoor  cables  along  a  street  can  be  quite 
high. 


Fig.  3  -  Conducted  emission  of  a  PLT  modem 


This  can  mean  that  these  cables  can  radiate  a 
significant  field  in  the  environment  and  eventually  in 
the  vertical  direction,  where  there  is  no  barrier  for  the 
field,  tills  distuibance  can  reach  flying  objects  and 
interfere  with  their  electronics.  For  the  moment,  this  is  a 
non-verified  assumption,  but  it  represents  a  potential 
danger  which  must  be  checked. 

1IL3  General  environment  level 

In  a  very  populated  town,  the  addition  of  signals  in 
many  outdoor  cables,  can  even  represent  a  kind  of  very 
large  antenna  which  will  eventually  send  such  noise 
signals  into  the  ionosphere.  Of  course  this  is  also  for  the 
moment  a  speculation  which  possible  occurrence  must 
be  checked  by  modeling  or  experiments. 

IV.  EMC  IMMUNITY  PROBLEMS 

Tlie  immunity  problems  will  probably  be  less 
important  then  the  emission  ones,  but  if  the  integrity  of 
the  transmitted  signal  is  less  in  danger,  the  attenuation 
and  the  problem  of  the  large  impedance  variation  of 
power  network  the  as  a  function  of  the  loads  connected 
to  it  can  be  an  obstacle  to  this  so  attractive  application. 

V.  STANDARDIZATION  ASPECTS 

Concerning  standardization  there  is  practically  a 
complete  lack  of  existing  documents.  Radiated  emission 
standards  are  probably  not  applicable,  due  to  the 
difficulty  to  perform  field  measurements  at  3  m  distance 
from  the  power  circuits  in  small  rooms.  CISPR  22 
which  considers  conducted  disturbances  is  probably  the 
only  standard  which  can  be  used  without  modifications. 
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This  article  is  an  updated  version  of  review  of  the 
progress  made  by  URSI  Working  Group  E-7 
(Chairman:  H.  Kikuchi;  Co-Chairman:  S.S.  Moiseev) 
on  Extrater-restrial  and  Terrestri  Meteorologico- 
Electric  Environ-ment  with  Noise  and  Chaos,  and 
complements  the  last  report  published  in  the 
Proceedings  of  EMC  Zurich  Symposium  in  1999. 

1.  INTRODUCTION 

Tlie  content  is  based  on  tlie  activity  of  URSI  Work-ing 
Group  E-7  on  Extraterrestrial  and  Terrestrial  Metc- 
orologico-Electric  Environment  with  Noise  and  Cliaos, 
including  papers  presented  at  tlie  XXV  URSI  General 
Assembly  in  Toronto  and  significant  results  obtained 
from  a  series  of  URSI  Workshops  and  Symposia  held  in 
Tokyo,  more  recently  in  Niigata,  Japan  in  1997  and  in 
Urbana-Champaign,  U.S.A.  in  1999,  some  of  which  are 
contained  in  a  book,  Dusty  and  Dirty  Plasmas,  Noise, 
and  Chaos  in  Space  and  in  the  Laboratory  published  by 
Plenum  [1],  in  Proceedings  of  International  Symposium 
on  Unconventional  Plasmas  with  Noise  and  Chaos  [2], 
and  in  Proceedings  of  International  Workshop  on  Radio 
Method for  Studying  Turbulence  [3]. 

Although  some  of  the  content  overlap  an  article  „Ac- 
tivity  of  URSI  Commission  E  Working  Group:  E-7  on 
Extraterrestrial  and  Terrestrial  Meteorologico-Electric 
Environment  witli  Noise  and  Chaos”,  reported  in  1999 
[4],  the  present  review  aims  at  a  most  updated  version. 

2.  DUSTY  AND  DIRTY  PLASMAS  IN  SPACE 
AND  IN  THE  LABORATORY 

2. 1  Cosmic  dusty  plasmas 

The  recent  in-situ  detection  of  very  small  grains  by  the 
Ulysses  mission  suggests  that  Jupiter’s  magneto¬ 
sphere  is  not  merely  a  sink  but  also  a  source  of  fine 
inter¬ 


planetary  dust  in  a  particular  size  range.  This  is  the  un¬ 
expected  finding  of  quasi-periodic  streams  of  submicron 
grains  (L6xl0''^g  <  m^  <  LI  x  lO"’"*  g,  dust  mass) 
travellingat  high  speeds  (20  km/s  <  v  <  56  km/s)  during 
its  distant  Jovian  encounter.  From  the  encounter  geome¬ 
try,  it  can  be  concluded  that  these  grains  come  from  , 
their  initial  source  being  the  observed  volcanoes  of  the 
Jovian  satellite,  lo  [5,  6].  Along  this  line,  a  scenario  has 
been  given  on  how  lo’s  dust  could  enter  Jupiter’s  mag¬ 
netosphere,  based  on  joint  effects  of  the  electric  force 
produced  by  tlnindercloud  charges  in  lo’s  atmosphere 
and  Jupiter’s  gravitational  force  [7]. 

2.2  Laboratoiy^  dusty  plasmas 

It  lias  been  shown  tliat  Coulomb  crystallization  of  a 
dusty  plasma  occurs  in  rf-glow  discharges,  forming  a 
‘plasma  crystal’.  Cliarged  dust  particles  (monodisperse, 
spherical  latex  spheres)  embedded  in  a  neutralizing 
plas-ma  interact  due  to  their  charge  and  form  2- 
dimensional  lattice  structures.  Tlie  dynamical  behaviour 
of  the  lattice  points  at  phase  transitions  from  solid  to 
liquid  and  gas  lias  been  investigated  [8,  9, 10]. 

Most  recently,  there  lias  been  appeared  a  study  of 
effects  of  a  probe  placed  within  a  plasma  above  a 
plasma  crystal  [11].  A  biased  probe  in  an  argon  plasma 
near  to  the  sheath-edge  lias  been  found  to  alter 
significantly  the  structm-e  and  properties  of  a  plasma 
crystal,  inducing  particle  circulation  around  a  stable 
crystal  island.  Tlie  formation  of  the  island  and  the 
circulation  are  attributed  to  a  nonuniform  electric  field 
in  tlie  crystal  region  caused  by  the  presence  of  the 
biased  probe. 

In  contrast  to  laboratory  experiments  as  mentioned 
above,  few  theoretical  model  exist  up-to  now  for  plasma 
crystal  except  numerical  simulations.  An  attempt  has 
been  made,  based  upon  a  model  of  wake  potential  [12, 
13).  It  has  been  shown  that  charged  dust  grains  in  a 
sheath  region  with  plasma  ion  flow  can  attract  each 
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other  in  the  wake  potential  cone  of  an  upstream  dust 
parti-culate.  Because  of  the  periodic  nature  of  die 
potential,  periodic  structures  of  the  dust  grains  can  be 
formed  in  a  base  plane  of  the  cone. 

As  typical  examples  of  strongly  coupled  classical 
plasmas,  plasmas  of  highly  charged  dust  particles  and 
ion  plasmas  in  traps  have  been  reviewed  from  the 
theoretical  aspect  with  particular  reference  to  tlie 
layered  structures  of  these  plasmas  at  low  temperatures. 
It  has  been  struc-tured  to  a  good  accuracy  when  the 
effect  of  correlation  between  charges  is  taken  into 
account  properly  [14]. 

As  one  of  studies  of  unconventional  plasmas,  tlie 
subject  of  waves  in  weakly  ionized  gases  is  continuing. 
Using  a  basic  system  of  magnetoacoustic  hydromagne¬ 
tics,  it  has  been  shown  that  low  frequency  solitary 
waves  may  exist  in  a  cold  weakly  ionized  gas  pervaded 
by  a  magnetic  field.  One  of  basic  features  is  that  tlie 
neutrals  and  charged  particles  move  together,  provided 
tlie  collision  frequency  (essentially  of  the  neutral 
particles  witli  charged  ones)  is  sufficiently  large  [15]. 

2,3  Gravito-electrodynamics  of  dust  in  an  electric  cusp 
and  in  an  electric  mirror 

In  the  presence  of  electromagnetic  and  gravitational 
fields,  a  dust  particle,  charged  or  uncharged,  is  usually 
considered  a  point  charge  and/or  material  point,  making 
the  so-called  ‘test  particle’  approach  feasible  and  tlie 
motion  of  the  dust  particle  in  space  is  governed  by  the 
Lorentz  and  gravitational  forces.  Accordingly,  no  elec¬ 
tric  but  a  gravitational  force  is  exerted  on  a  neutral  or 
uncharged  dust  particle.  The  test  particle  is,  however, 
not  always  valid  for  a  sizeable  dust  in  an  electric  field 
due  to  nonuniform  charges  induced  or  polarised  on  the 
dust  grain  even  if  the  grain  is  electrically  neutral  and 
uncharged.  This  is  particularly  true  when  a  dust  grain  is 
placed  in  a  special  electric  configuration  such  as 
forming  an  elec-tric  cusp  or  an  electrically  neutral  point, 
causing  a  novel  but  ubiquitous  phenomenon  of  electric 
reconnec-tion.  Tlie  significance  of  this  effect  has  been 
introduced  for  an  electric  cusp  formed  by  a  quadrupole 
and  a  se-quence  of  periodical  cusps  that  constitute  an 
‘electric  mirror’,  lead-ing  to  tlie  iscovery  of  particle 
acceleration  in  a  cusp  region  and  of  particle  trapping  in 
an  electric  mirror  analogous  to  the  magnetic  mirror. 
High-energy  dust  particles  which  escaped  from  electric 
mirrors  could  be  populated  over  a  very  wide  range  of 
altitudes  beyond  mirror  points  in  the  planetary 
atmosphere  with  the  aid  of  additional  electric  fields. 
Some  of  them  could  penetrate  into  the  ionosphere  and 
even  magnetosphere.  These  findings  liave  led  to  an 
explanation  of  dust  layer  and  ring  formation  in  the 
planetary  atmosphere,  ionosphere,  and  magnetosphere 
such  as  Jupiter’s  gossarmer  ring,  diffuse  dust  layers  in 
the  terrestrial  atmosphere,  and  in  particular,  a  variety  of 
pre-earthquake  effects  [7,  16-19]. 

Gravito-electrodynamics  of  dust  lias  been  extended  to 
three-dimensional  motion  of  dust  not  in  the  ecliptic 
plane  of  an  electric  quadrupole.  Tlien,  a  particle  exliibits 
a  helical  motion  and  an  important  role  of  the  quadrupole 
in  helicity  or  vortex  generation  in  particle-  or  electro¬ 
hydrodynamics  has  been  stressed  with  its  direct  rele¬ 


vance  to  tornadoes  [20,  21]. 

3.  METEOROLOGICO-ELECTRIC  ENVIRON¬ 
MENT  WITH  NOISE  AND  CHAOS 

3.1  EHD  and  EMHD  transport  and  electric  recon¬ 
nection 

Tliere  are  a  variety  of  dusty  or  dirty  plasma  and 
meteorologico-electric  environments,  containing 
charged  or  polarized  dust  grains  or  aerosols  in  the 
terrestrial,  planetary,  and  cometary  atmospheres  and  in 
interstellar  dark  space.  In  such  environments,  electric 
phenomena  are  taking  place  predominantly  rather  than 
magnetic  phe-nomena,  involving  or  accompanying 
electrification,  elec-tric  charging  or  discharge, 
ionization  or  recombination,  particle  disruption,  or 
agglomeration,  and  space  charge  and/or  electric  field 
transport.  Space  charges  are  carried  on  an  underlying 
stream,  convection  or  division  in  a  variety  of  forms 
charged  streams  and/or  vortices  in  ex-temal  and  internal 
electric  fields.  Examples  are  thunder-storms,  cold  and 
jet  fronts,  hurricanes,  typhoons,  cy-clones,  tornadoes, 
sandstorms,  whirl-winds  and  com  circles  in  the 
terrestrial  environment,  planetary  ligjit-  nings,  aurorae, 
rings,  nebular  lightnings,  cometary  tails,  and  dark 
interstellar  clouds  in  the  extraterrestrial  enviromnent. 
Accordingly,  conventional  hydrodynamics  (HD)  or 
magnetohydrodynamics  (MHD)  bre^s  down,  and  even 
conventional  plasma  physics  is  not  relevant,  since  tlieir 
environments  now  contain  dust  grains  or  aerosols,  and 
are  considered  neither  conducting  nor  collisionless 
plasmas  as  often  assumed  for  conventional  plasmas. 
They  may  be  partially  ionized,  collisional  gases,  dusty 
or  dirty  plasmas,  dielectric  or  semiconducting  fluids 
where  electrohydrodynamic  (EHD)  or  more  generally 
electromagnetohydrodynamic  (EMHD)  trans-port 
processes  are  taking  place  significantly  rather  than  HD 
or  MHD  processes. 

A  new  equation  of  electric  field  transport,  including 
space  charge,  ponderomotive,  and  gravitational  forces, 
lias  been  obtained,  being  supplemented  by  tlie  equations 
of  fluid  vorticity,  magnetic  field,  and  energy  transport 
extended  also  to  the  EHD  and  EMHD  regimes.  Tlie 
‘electric  Reynolds  number’  newly  introduced, 
analogous  to  the  Reynolds  and  magnetic  Reynolds 
numbers,  plays  an  important  role  in  tlie  EHD  and 
EMHD  regimes  as  a  criterion  of  relative  importance  of 
convection,  dif-  fusion,  dissipation,  propagation,  and 
radiation  [22-24]. . 

The  study  of  ion-aerosol  balance  and  Poission’s 
equation  in  an  non-equilibrium  system  composed  of 
positive  and  negative  light  ions  and  aerosol  particles  in 
an  external  electric  field  shows  that  the  system  may  lose 
stability,  if  ion-aerosol  attachment  coefficients  increase 
with  tlie  electric  field  growth.  The  model  can  explain 
meso-scale  electric  field  structure  fonnation  in  the  sur¬ 
face  atmospheric  layer.  In  this  connection,  the  analysis 
sensitive  measurements  atBorok  (58°N,  38°E)  indicates 
existence  of  spatio-temporal  structures  of  electric  field 
and  space  cliarge  witli  local  spatial  scales  in  tlie  surface 
atmospheric  layer.  Based  on  tliese  studies,  influence  of 
dust  (aerosol)  particles  on  terrestrial  electromagnetic 
environment  is  discussed  [25,  26]. 
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A  new  model  of  global  electric  field  and  current  with 
magnetospheric  and  atmospheric  electric  sources  has 
been  put  forward,  taking  into  account  the  effect  of  both 
the  complex  inner  structure  of  the  ground  and  inhomo¬ 
geneity  of  the  atmospheric  conductivity.  Calculated 
ground-ionosphere  voltage  depends  on  the  thunderstorm 
activity  distribution  and  appears  to  be  about  a  few  hund¬ 
reds  Idlovolts,  and  atmospheric  current  density  at  the 
planetaiy  surface  is  approximately  10“^^  A/m^.  They  are 
close  to  measured  values  at  middle  latitudes.  [27]. 

On  the  basis  of  new  EHD  with  the  equation  of  elec¬ 
tric  field  transport,  it  has  been  shown  that  any  perturba¬ 
tion  exerted  on  an  electric  cusp  can  lead  to  electric  field 
line  merging-reconnection.  Such  a  perturbation  can 
usually  be  done  by  dust  or  object  that  plays  crucial  and 
significant  roles  in  electric  reconnection  and  subsequent 
electric  discharge  or  lightning,  thus  for  many 
geophysical,  astrophysical,  and  meteorological 
phenomena  such  as  thunderstorms,  rocket  and  tower 
triggered  lightning,  ball  lightning,  nebular  lightning, 
tomadic  thunderstonns,  and  Chondrules  formation  in 
meteorites  [28,  29]. 

New  observational  evidence  supporting  such  a  cusp 
model  has  been  obtained  from  natural  liglitning 
observations  during  winter  thunderstorms  in  a  coastal 
region  of  the  Sea  of  Japan  [30]. 

If  the  concentration  N  of  ice  crystallites  exceeds  Mf\^ 
(M:  critcal  value  of  tlie  product  nv,  n  -\N\  number  of 
molecules  per  unit  volume  of  the  cloud,  v:  number  of 
water  molecules  in  an  ag-gregate)  spontaneous  polariza¬ 
tion  catastrophe  (PC)  occurs,  and  this  leads  to  the 
atmospheric  masers  feeding  plasma  solitons  that  pro¬ 
vides  a  ball  lightning  formation  [31]. 

3.2  Self-organization,  chaos,  turbulence,  and  vortices 

Relationship  between  self-organization  and  chaos  de¬ 
pends  strongly  on  a  dissipation,  and  reducing  of  dissipa¬ 
tive  transfer  are  caused  by  the  reduction  of  frictions  re¬ 
lated  to  viscosity,  magnetic  viscosity,  and  tliermal  con¬ 
ductivity.  It  has  been  shown  that  tlie  effective  viscosity 
coefficient  in  helical  turbulence  is  smaller  tlian  in  usual 
turbulence  due  to  the  existence  of  long-lived  vortices 
tending  to  coalesce.  The  conditions  under  which  the 
viscosity  becomes  negative  has  been  discussed  with  a 
variety  of  atmospheric  and  oceanic  applications.  In  smn- 
mary,  characteristic  properties  of  usual  and  magnetic 
viscosity  has  been  studied  in  tlie  framework  of  HD, 
MHD,  and  EMHD  media  [32~35]. 

The  study  of  large-scale  coherent  HD  vortex 
generation  has  been  extended  to  electrified  charged 
dusty  vortices  to  be  termed  as  ‘EHD  vortices’, 
incorporating  helical  turbulence  in  electric  and  magnetic 
fields  into  that  in  fluid  velocity,  which  arc  all  due  to  tlie 
anisotropy  created  by  an  external  electric  field  on  the 
background.  A  new  equation  of  EHD  vortices  lias  been 
introduced  on  the  basis  of  a  set  of  EHD  or  EMHD 
equations  togeth-  er  with  tlie  equation  of  state  and  a  full 
set  of  Maxwell’s  equations.  In  fact,  EHD  vortices  can 
be  more  explosive  with  larger  insta-bilities  than  HD 
vortices.  In  addition,  it  is  inferred  that  an  external 
electric  field  could  provide  tlie  origin  of  additional  self¬ 
organization  to  a  coalescence  of  fluid  vortex  and  electric 


field  lines  as  a  manifestation  of  a  new  frozen-in  field 
concept  for  elec-tric  fields  when  the  fluid  and  electric 
Reynolds  numbers  are  sufficiently  high.  Consequently, 
a  coalescence  of  fluid  vortex  breakdown  or  merging 
point  and  electric  reconnection  point,  X-type  or  O-type, 
could  be  expected  in  a  local  cusp  region  where  a  local 
decrease  in  both  the  fluid  and  electric  Reynolds 
numbers  occur  due  to  any  perturbations.  In  fact,  an 
artificial  mapping  of  electric  field  lines  onto  fluid  vortex 
lines  with  breakdown  and  merging  points  typically 
sketched  for  tornadoes,  based  on  an  updated  model, 
could  produce  a  reasonable  con-sistent  charge 
distribution  on  thunderclouds  that  is  thought  most  likely 
to  occur  from  observations  of  tomadic  thunderstorms 
available  so  far,  Tlie  fact  that  cliarged  EHD  tornadoes 
with  thunderstorms  are  more  severe  than  imcharged 
tornadoes  could  be  explained  on  tlie  basis  of  HD  and 
EHD  vortices,  noticing  tliat  the  growth  rate  of  EHD 
vortices  can  be  greater  than  that  of  HD  vortices  [36,  37]. 

Common  character  of  tlie  behavior  of  atmospheric  and 
laboratory  MHD  turbulence  results  from  the  fact  that 
energy  spectra  of  these  turbulence  cases  are  similar. 
Tliey  are  characterized  by  tlie  presence  of -5/3  and  -7/3 
exponent  values,  and  an  inverse  cascade  firom  smaller  to 
larger  scales  within  the  inertial  interval.  In  both  cases, 
simplest  meclianism  of  such  turbulence  behavior  and 
such  spectra  fonnation  is  tlie  violation  of  mirror  symme¬ 
try  in  tlie  initial  (undisturbed)  turbulence  and  tlie 
appear-ance  of  nonzero  helicity.  Tlie  comparison  of 
theoretical  results  with  tlie  known,  as  well  as  with  new 
experimental  data  obtained  in  the  laboratory  has  been 
made  [38]. 

Experimental  data  indicate  a  number  of  different  tur¬ 
bulent  regimes  whose  spectral  properties  are  shown  to 
depend  on  two  parameters:  y-  fo  roVro  and  r= 
where /q  is  tlie  force  setting  tlie  fluid  in  motion,  ro.  To  its 
spatial  and  temporal  correlation  scales,  and  Re  is  the 
Reynolds  number.  It  is  shown  further  that  there  is  a 
possibility  of  excitation  of  intense  vortices  not  only  of  a 
large  scale,  but  also  of  relatively  small  scales,  wliich  is 
known  to  occur  in  natural  conditions.  The  microstruc¬ 
ture  of  a  turbulent  flow  is  formed  fi*om  several  universal 
dependences  whose  appearance  and  arrangement 
depend  on  ;^and  77  In  particular,  Kolmogorov’s  mode 
appears  for  y«l  and  r«l.  Comparison  with  experiments 
for  large-scale  turbulence  (MHD  flows  and  wind  spectra 
ob-served  in  the  atmosphere)  reveals  good  agreement 
[39, 40]. 

Tliere  are  a  number  of  physical  mechanisms  to  pro¬ 
duce  various  electromagnetic  indicators  by  tropical  cy¬ 
clones  perturbations  at  high  altitudes.  Tropical  cyclone 
electromagnetic  indicators  include  the  following:  tran¬ 
sient  electric  fields  in  the  upper  atmosphere  and  lower 
ionosphere;  ionospheric  irregularities;  cliarge  separation 
electric  fields;  low-frequency  electromagnetic 
emissions;  precipitating  energetic  particles; 
brcmsstralilung  X-rays;  and  gas  ionization 
enliancement.  These  electromagnetic  indicators  could 
be  used  for  tropical  cyclone  monitoring  [41, 42]. 

Topological  diagrams  for  turbulent  vorticity  in  shear¬ 
ing  plasma  layers  liavc  been  developed  as  strings  of 
identical  helix  units  smootWy  jointed  at  tlieir  junctions. 
Helix  strings  tying  loops,  knots,  links,  and  braids  on 


913 


tetragonal  and  cubic  lattices  are  obtained.  A  scaling 
cycle  of  vortex  stretching,  twisting,  breaking,  and  recon¬ 
nection  at  high  Reynolds  number  fonning  vortex  lattices 
at  arbitrary  mesh  refinement  are  also  presented.  Its 
expo-nential  particle  acceleration  brings  ion  circulation 
energy  within  a  range  of  high-energy  events  associated 
with  lightning  and  ball  lightning.  This  vortex  plasma 
has  a  state  equation  with  negative  pressure  for  self- 
confine-ment.  It  is  argued  that  its  energy  surface  in 
phase  space  favours  self-organization  [43]. 

Log-normal  statistics  for  (ball)  lightning,  VLF  radio 
noise  and  rainfall  indicates  power-law  relations  of 
atmospheric  parameters  with  fractal  dimensions  as 
exponent.  Universal  shear  flow  parameters  emerge  from 
stretching  transition  layer  vorticily  along  scaling  and 
differentiable  fractal  curves  from  circle  arcs  or  helix 
units  that  are  also  useful  for  modeling  observed 
properties  of  vortex  structures  in  atmospheric  turbulence 
[44,45]. 

4.  APPLICATIONS  OF  DUST  GRAVITO-ELECTRO- 
DYNAMICS  AND  EHD  TO  PRE-EARTHQUAKE 
ATMOSPHERIC,  IONOSPHERIC,  AND 
MAGNEYOSPHERIC  EFFECTS 

Relevance  of  the  electric  cusp  and  reconnection  model 
to  pre-earthquake  effects  has  been  pointed  out  for  an 
attempt  to  interpret  ionospheric  effects  and  to  unite  the 
processes  in  the  earth  crust,  atmospheric  electricity,  and 
ionosphere.  They  are  variations  of  phase  of  VLF  signals 
and  of  HF  signal  intensity  on  passes  over  the  epicenter 
of  preparing  earthquake,  appearance  or  increase  of  E^ 
layers  and  additional  layers,  spread  phenomena  on 
bottom  side  ionograms  within  a  whole  range  of 
altitudes,  sometimes  large-scale  variations  of  electron 
density  in  F-layer  occupying  the  area  over  the  fiiture 
epicenter  with  a  diameter  more  than  1000  km,  strong 
plasma  density  depletion  within  the  upper  atmosphere 
over  the  region  of  the  preparing  earthquake,  and 
emanation  of  aerosol  particles  by  the  crust  with  a  large 
content  of  metals  which  takes  place  before  and  some 
time  after  the  earthquake  and  which  could  be  explained 
as  follows.  Due  to  a  high  pressure  within  the  crust,  two 
effects  may  take  place:  piezoelectric  field  generation 
and  fluidity  of  hard  materials.  Fluidity  leads  to 
appearance  of  microparticles  which  can  move  under  the 
piezoelectric  force  action.  Charged  microparticles  and 
metallic  ions  are  accelerated  by  the  piezo-electric  field 
due  to  the  electric  reconnection  process  and  are  injected 
into  he  atmosphere.  This  flow  of  aerosols  leads  to  tlie 
increase  of  atmospheric  conductivity  and  other  effects 
connected  with  penetration  of  metallic  ions  and  aerosols 
into  the  ionosphere  [46-48]. 
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Main  topics  of  our  URSI  Commission  E  Working 
Group,  ''Geoelectromagnetic  disturbances  and  their 
effects  on  technological  systems,  ”  will  be  reviewed  here. 
First  of  all,  we  present  the  latest  results  on  the  seismo- 
ULF  emissions,  and  then  we  report  on  the  ELF  wave 
phenomena  associated  with  atmospheric  optical 
emissions.  Finally,  we  will  report  on  the  geomagnetic 
induced  current  on  the  transmission  lines.  The 
analyses  of  ULF  magnetic  fields  associated  with  a  large 
earthquake,  have  been  performed  and  it  is  shown  by 
means  of  the  polarization  and  fractal  analyses  that  there 
occur  precursory  ULF  emissions.  Recent  studies  on 
optical  emissions  (Red  sprites,  blue  jets  etc.)  and  ELF 
emissions  have  been  presented.  At  the  earth 's  surface 
"'space  weather"  manifests  itself  as  geomagnetic  storms 
and  geomagnetically  induced  currents  (GIC)  in  electric 
power  transmission  grids,  pipelines  etc.  Several  studies 
aiming  at  space  weather  and  GIC  forecasting  are  being 
performed  by  sophisticated  modelling  techniques. 

1.  INTRODUCTION 

Geoelectromagnetic  disturbances  take  place  in  a 
wide  frequency  range  from  DC  to  higher  frequency.  In 
the  ULF  range  (frequency  below  lOHz),  the  most 
important  geoelectromagnetic  disturbances  are 
geomagnetic  disturbances  and  geomagnetic  pulsations 
as  the  consequence  of  solar-wind  effect  onto  the 
magnetosphere  and  ionosphere,  and  also  wave-particle 
interaction  in  the  magnetosphere.  In  the  frequency  range 
higher  than  ULF,  there  is  so-called  the  ELF  and  VLF 
range,  where  the  lightning  discharge  is  the  main  noise 
source.  Our  recent  greatest  concerns  are  ELF  wave 
associated  with  the  cloud-ionosphere  discharges  and 
also  Schumann  resonances  to  be  used  for  the  monitoring 
of  global  warming. 

Space  weather  refers  to  conditions  in  the  Sun  and  in 
the  solar  wind,  magnetosphere  and  ionosphere  that  can 
influence  the  performance  of  space-borne  and  ground- 
based  technological  systems  and  can  even  endanger 
human  life  or  health.  Systems  affected  by  space  weather 
include  satellites  and  communication  and  navigation 
systems.  At  the  eaith’s  surface,  space  weather  effects 
are  known  as  GIC  since  they  refer  to  geomagnetically 
induced  currents  flowing  in  conductor  networks,  like 
electric  power  transmission  grids,  pipelines,  phone 


cables  and  railway  systems. 

This  paper  deals  with  the  general  review  of  the 
studies  associated  with  our  Working  Group  entitled, 
“Geoelectromagnetic  disturbances  and  their  effects  on 
technological  systems.” 

2.  GEOELECTROMAGNETIC  DISTURBANCES 

2.1.  Seismogenic  ULF  emissions 

One  of  the  important  signatures  of  the 
geoelectromagnetic  disturbances  is  the  detection  of 
seismogenic  ULF  emissions,  which  are  recently  known 
to  be  very  useful  for  the  short-term  earthquake 
prediction  [1].  There  have  been  published  two 
important  papers  on  the  ULF  signatures  of  earthquakes 
(Spitak  and  Loraa  Prieta  earthquakes)  [2],  and  it  is 
highly  required  that  we  accumulate  more  convincing 
data  for  seismogenic  ULF  emissions.  Later,  Hayakawa 
et  al.  [3]  have  obtained  an  additional  convincing 
signature  of  ULF  emissions  for  a  large  Guam 
earthquake  on  8  August,  1993,  and  they  have  been 
based  on  the  newly  developed  analysis  of  method 
(polarization  analysis).  Furthermore,  the  simultaneous 
use  of  fractal  analysis  has  yielded  further  confirmation 
on  the  presence  of  seismo-ULF  emissions  before  the 
Guam  earthquake  [4].  A  new  event  for  the  earthquake 
in  Biak,  Indonesia  on  February  17,  1996,  has  been 
analyzed  extensively  by  using  our  proposed  polarization 
and  fractal  analyses,  together  with  the  use  of  a  remote 
reference  station  [5].  As  the  result,  it  is  found  that 
there  exists  the  appearance  of  seismo-ULF  emissions 
about  1.5- 1.0  month  before  the  quake,  with  the  intensity 
of  the  order  of  0.2-0.3nT. 

A  network  for  the  observation  of  seismo-ULF 
emissions  has  been  established  in  the  Tokyo  area  of 
Japan  (Izu,  Chiba,  Kakioka,  Chichibu  and  Matsushiro). 
Especially,  in  the  areas  of  Izu  and  Chiba,  we  have 
installed  3-4  sites  spaced  by  5- 10km  in  order  to  form  a 
differential  array  in  order  to  increase  the  S/N  ratio  for 
seismo-ULF  emissions.  Since  there  have  not  been 
many  strong  earthquakes,  we  have  not  yet  obtained  any 
results. 

2.2.  Acoustic  Emissions 

Attempts  to  find  acoustic  emission  (AE)  associated 
with  earthquakes  (EQs)  have  been  undertaken  for  some 
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years.  An  anomaly  in  AE  behavior  in  the  range  800- 
1200Hz  was  recorded  about  16  hours  before  the  Spitak 
earthquake,  at  the  distance  80  km  from  the  epicenter. 
However,  their  conclusions  were  not  completely 
convincing  due  to  extremely  weak  signals,  of  which 
amplitude  spectrum  sharply  declines  with  the  frequency. 
Here  we  report  the  facts  of  possibly  extreme  importance 
that  clear  AE  intensification  associated  with  EQs  was 
recorded  in  the  tunnel  at  the  depth  of  about  100  meters 
at  Matsushiro  Seismological  Observatory  of  Japan 
Meteorological  Agency.  We  used  special  receivers 
with  magneto-elastic  detectors  of  which  sensitivity 
increases  as  cube  of  frequency.  The  AE  intensification 
has  been  verified  at  four  frequency  bands,  namely  30, 
160,  500  and  1000  Hz  for  several  EQs  in  the 
surrounding  area;  EQs  with  M~3-5,  distance-  20-150 
km.  It  was  also  found  that  the  increase  in  AE  activity 
started  at  about  12  hours  before  EQs  and  decreased  after 
the  EQs  in  a  similar  manner [6]. 

The  correlation  between  AE  and  ULF  emissions 
have  also  been  investigated  at  Matsushiro,  and  it  is 
found  that  there  was  observed  an  increase  in  ULF 
emissions  a  few  days  before  the  quake.  As  the  result, 
we  can  say  that  microfracturing  would  be  responsible 
for  the  generation  of  ULF  emissions  as  suggested  by 
Molchanov  and  Hayakawa  (1995)[7]. 

3.  ELF  WAVES 

The  effects  considered  are  those  which  are  involved 
in  the  generation  and  propagation  of  terrestrial  radio 
noise.  Such  radio  noise  consists  of  ‘sferics’  or 
‘atmospherics’  produced  by,  or  associated  with, 
lightning  discharges.  Attention  is  confined  to  the  ELF 
(Extremely  Low  Frequency  -  3  Hz  to  3  kHz)  band  and 
particularly  to  the  lower-ELF  (‘Schumann  resonance’) 
band  -  5  Hz  to  60  Hz.  This  reflects  the  upsurge  in 
research  publications  in  this  area  over  the  past  decade 
and  the  recent  comparisons  of  the  occurrence  of 
transient  optical  emissions  in  the  mesosphere  and  lower 
ionosphere  called  sprites  (or  red  sprites),  elves  and  blue 
jets  with  the  characteristics  of  the  causative  lightning 
source  as  deduced  from  observations  of  ELF  sferics 
propagated  to  great,  even  global,  distances.  The 
following  is  mainly  based  on  the  review  by  Jones 
[1999]  [8]. 

3.1.  Schumann  resonances 

The  Schumann  resonances  are  simply  the 
electromagnetic  resonances  of  the  global  earth- 
ionosphere  (quasi)  spherical-shell  cavity.  For  lossles 
(perfectly  reflecting)  boundaries  W.  O.  Schumann 
showed  that  the  resonance  frequencies  are  given  by  an 

equation  of  the  form  /„  =  c^n(n +][)  /{iTCa)  (a: 

Earth’s  radius;  c:  light  velocity).  This  predicts  a 
fundamental  mode  frequency  (n=l)  of  //  =  10.6  Hz  and 
overtones  at  18.4,  26.0,  33.5  and  41.1  Hz.  Recent 
reviews  of  both  experimental  data  and  theory  have  been 
given  by  Sentman  [1995]  [9]  and  Nickolaenko  [1997] 
[10]. 

The  resonances  are  excited  by  global  lightning 


activity  and  are  evident  in  experimental  atmospheric 
noise  spectra  in  the  band  5  Hz  to  60  Hz.  The  noise 
spectra  have  maximums  near  7.8,  14.2,  19.6,  25.9  and 
32  Hz  corresponding  to  the  modes  n  =  1  to  n  =  5  in 
Schumann’s  formula.  The  measured  frequencies  are 
lower  than  predicted  by  the  formula  because  of 
ionospheric  losses  and  are  thus  diagnostic  of  these 
losses.  The  amplitude  and  frequency  of  the  Schumann 
modes  is  determined  by  the  temporal  and  spatial 
distribution  of  global  lightning  -  this  being  most  intense 
in  the  tropics.  We  have  studied  the  temporal  variations 
of  the  level  of  global  lightning  activity  from  the  long¬ 
term  Schumann  resonance  monitoring  at  Tottori,  and 
have  found  annual  and  semi-annual  components  in  the 
variations  of  global  thunderstorm  activity  between  1967 
and  1970.  Further  sophisticated  propagation 
modelling  with  taking  into  account  the  inhomogeneities 
(like  the  inclusion  of  day/night  asymmetry  etc.)  would 
be  highly  required  to  interpret  the  actually  observed 
diurnal  pattern  of  resonance  frequencies. 

3.2.  ELF  transients 

Within  the  past  5  years  or  so,  it  has  been  recognized 
that  many  of  the  lightning  sources  responsible  for 
generating  transient  ELF  electromagnetic 
signatures(‘events’)  in  the  Schumann  resonance  band 
and  at  higher  ELF  frequencies  (where  the  signal  is 
referred  as  a  ‘slow  tail’  sferic),  are  the  same  sources 
which  frequently,  but  not  necessarily,  produce  the 
luminous  phenomena  in  the  upper  atmosphere  above 
some  of  the  thunderclouds.  It  is  now  established  that  the 
essential  connection  between  the  electromagnetic  and 
optical  effects  is  positive  cloud-to-ground  (+CG) 
lightning  discharges  with  high  peak  currents  and  large 
charge  transfers.  Mesoscale  convective  systems 
(MCSs)  appear  to  play  an  important  role  in  both  the 
optical  and  sferic  cases.  However,  sprites  arc  observed 
over  smaller  convective  systems  and  only  a  minority  of 
ELF  sferies  are  associated  with  the  spectacular  upper 
atmosphere  occurrences.  Some  sprites  and  elves  have 
an  association  with  ELF  events. 

3.3.  Positive  CG  lightning,  sferics,  sprites  and  MCSs 

A  positive  cloud-ground  (+CG)  lightning  stroke  is 
defined  as  a  stroke  that  lowers  positive  electrical  charge 
to  the  ground.  In  the  electromagnetic  theory  used  for 
sferic  analysis,  the  convention  is  to  take  the  positive 
direction  as  upwards.  This  convention,  adopted  here,  is 
opposite  to  that  used  in  studies  of  atmospheric 
electricity  where  the  positive  direction  is  downwards  - 
the  direction  of  the  'fair  weather'  field.  A  positive  stroke 
lowers  positive  charge  to  the  ground  by  a  ‘conventional’ 
current  7  flowing  in  a  channel  of  length  dl  and  has  a 
current  moment  I  dl  (t)  (Amp  metre)  which  is  negative 
in  the  theory,  i.e.  directed  downwards.  This  negative 
current  moment  generates  a  vertical  electric  field  pulse 
that  is  positive  (upwards).  Confusingly,  this  positive 
field  pulse  generates  a  negative  voltage  pulse  on  the 
receiving  antenna. 

It  is  generally  accepted  that  the  vast  majority  (over 
90%)  of  sferies  observed  in  the  upper  ELF  band  (where 
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they  are  called  ‘slow  tails’)  and  in  the  VLF  band  have  a 
negative  initial  polarity  -  at  least  in  mid-latitudes.  These 
are  generated  by  ‘normal  thunderclouds  in  which  the 
charge  distribution  is  ‘positive  over  negative’.  The 
normal  -CG  stroke  taps  the  main  negative  charge  centre 
at  the  base  of  the  cloud.  Positive  CG  strokes  have  to 
be  initiated  from  the  upper  region  of  the  cloud.  This  can 
be  displaced  laterally  from  the  base  region  by  wind 
shear,  facilitating  a  +CG  discharge.  This  is  the 
conventional  mechanism  for  +CG  stroke  generation  and 
is  invoked  in  many  of  the  theories  of  the  atmospheric 
optical  phenomena.  A  lightning  flash  usually  comprises 
several  strokes  (about  4)  blazing  essentially  the  same 
channel  below  the  cloud  charge  center(s).  The  number 
of  strokes  per  flash  is  the  multiplicity  of  the  flash  and  is 
typically  four.  In  the  tropics  the  situation  may  be 
different. 

Laterally  extensive  mesoscale  convective  systems 
(MCSs)  have  been  described  in  which  the  normal 
‘positive  over  negative’  charge  distribution  is  inverted. 
The  positive  charge  reservoir  is  near  the  base  and  the 
0®C  isotherm,  at  some  4-6  km  height.  The  total 
amount  of  positive  charge  available  in  such  a  system 
may  be  thousands  of  coulombs. 

Positive  CG  lightning  appears  as  an  essential 
ingredient  for  generating  sprites.  The  data  support  the 
hypothesis  that  sprites  are  uniquely  associated  with 
+CG  flashes  which  have  a  large  peak  current.  However, 
most  +CG  flashes  (including  some  with  a  large  peak 
current)  do  not  produce  sprites. 

Much  of  the  recent  experimental  work  on  sprites 
and  sferics  has  used  data  from  the  US  National 
Lightning  Detection  Network  (NLDN).  This  locates 
sferic  sources  using  a  bandwidth  of  5  kHz  to  500  kHz 
and  reports  time-marked  locations  (‘fixes’)  of  individual 
sources  and  their  peak  amplitudes.  The  peak  current  in 
the  discharge  may  be  estimated  from  these  data. 
However,  it  should  be  noted  that  the  peak  current  occurs 
a  few  microseconds  after  leader  touch-down  when  the 
return  stroke  channel  its  less  than  1  km  long.  The  peak 
current  is  not  simply  related  to  the  total  charge  removed 
by  the  whole  discharge  that  is  an  important  parameter  in 
ELF  sferic  characteristics. 

3.4.  Experimental  results  on  ELF  transients 

(a)  Source  locations 

Huang  et  aL  [1999]  [11]  has  produced  monthly  maps 
showing  several  thousand  sources  locations  for  each 
month.  These  locations  are  in  accord  with  what  is 
known  of  global  thunderstorm  activity  with  the  storm 
centres  mainly  located  in  low  latitudes  and  moving 
southwards  in  the  northern  hemisphere  summer-winter 
transition. 

An  important  feature  of  Huang 's  work  is  that  the 
source  locations  found  were  compared  with  those  for 
sferics  located  by  the  National  Lightning  Detection 
Network  (NLDN),  There  was  a  systematic  periodic 
bearing  error  (which  was  allowed  for).  It  was  noted  that 
the  ELF  location  method,  using  their  propagation 
constant  model,  overestimated  the  range  by  about 


100km. 

(b)  Source  Polarity 

In  Huang  et  al.’s  larger  data  set  of  400  events,  66% 
were  of  positive  polarity.  They  note  that  the  flashes 
which  produce  ELF  events  are  overwhelmingly  of 
positive  polarity  and  are  associated  with  NLDN- 
deduced  peak  cloud-to-ground  currents  of  20-70  kA. 

(c)  Charge  Moment  Amplitude  (A)  and  Time 
Constant  (x) 

Burke  and  Jones  [1996]  [12]  data  set  is  a  selection 
of  large  amplitude  events  propagated  over  global  paths. 
The  system  bandwidth  was  5-50  Hz.  They  present 
statistical  distributions  of  the  two  parameters  A  and  x 
with  mean  values  of  A  =  5.1x10^  Am  for  positive 
strokes  and  A  =3.2x10’  Am  for  negative  strokes.  For  x 
the  mean  values  were  32  ms  and  26  ms  for  positive  and 
negative  strokes  respectively.  These  give  values  of  the 
charge  moment  change  AMq  -  At  (which  excludes  the 
ground  image)  of  1630  C  km  and  830  C  km  for  positive 
and  negative  strokes  respectively.  In  this  work  it  was 
not  known  if  the  event  sources  were  associated  with 
sprites  or  elves.  It  should  be  noted  that  the  A  and  r 
values  obtained  in  this  recent  study  are  typical  of  those 
obtained  over  some  three  decades  at  King’s  College  and 
refer  to  the  largest  sources  which  occur  globally  at  a  rate 
of  about  1  per  minute.  Only  about  Lin  10,000  strokes 
produce  the  ELF  event  signatures  which  correspond  to 
the  above  parameter  values. 

(d)  ELF  Transients  associated  with  sprites  and  elves 

Boccippio  et  al.  [1995]  [13]  report  the  results  of  a 

comprehensive  study  in  which  NLDN  and  ELF  sferic 
electromagnetic  data  were  obtained  in  conjunction  with 
simultaneous  low-light  monochrome  LLTV  imaging  of 
sprites  with  17  ms  resolution  at  Yucca  Ridge,  N. 
Colorado.  The  ELF  receiving  system  bandwidth  was  3- 
120  Hz  and  was  located  in  Rhode  Island,  2300  km  fiom 
the  LLTV  station.  56%  of  the  +CG  flashes  produced 
sprites  and  these  flashes  fell  within  the  upper  3-15%  of 
the  NLDN  positive  peak  current  distribution  (Currents 
of  100  -  200  kA).  About  80%  of  the  sprites  were 
coincident  with  +CG  strokes  and  ELF  transients. 

In  Huang  et  al.  [1999][11],  simultaneous  NLDN, 
ELF  and  LLTV  data  were  obtained  and  elves  as  well  as 
sprites  were  observed.  The  ELF  recording  system  was 
the  same  as  that  used  for  the  study  of  the  preceding 
paragraph.  The  ELF  data  showed  that  the  40  sprites 
observed  produced  a  ‘red’  ELF  spectrum  with  an 
average  value  of  T  of  5.4  ms  and  AMq  in  the  range  200- 
1500  C  km.  In  contrast  the  15  elves  recorded 
produced  a  ‘winter’  spectrum  in  the  lower-ELF  band 
with  an  average  x  of  3.6.  ms  and  smaller  values  of  AMq, 
The  T  values  here,  derived  from  ELF  sferics  produced 
by  one  MCS,  are  much  less  than  those  reported  above 
and  would  not  be  atypical  of  a  normal  (-CG)  stroke. 

4.  GEOMAGNETIC  INDUCED  CURRENTS 
4.1.  General  description  of  GIC 

In  power  systems,  transformers  may  be  saturated 
due  to  GIC  possibly  leading  to  different  kinds  of 
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problems.  As  extreme  consequences,  a  complete  black¬ 
out  of  the  whole  network  and  a  permanent  damage  of 
transformers  may  result.  A  very  famous  GTC  event 
occurred  in  Quebec,  Canada,  during  a  large  magnetic 
stonn  in  March  1989.  The  province  suffered  form  an 
electric  black-out  lasting  for  several  hours.  In  the  same 
storm  a  transformer  was  damaged  by  GIC  and  had  to  be 
replaced  by  a  new  one  in  the  USA.  In  pipelines,  GIC 
enhance  corrosion  and  interfere  with  corrosion  control 
and  protection  equipment.  The  first  GIC  observations 
were  made  in  early  telegraph  systems  already  about  150 
years  ago  [14].  GIC  phenomena  arc  more  probable  in 
high-latitude  auroral  regions  than  at  lower  latitudes. 

GIC  research,  as  well  as  other  space  weather  studies, 
is  particularly  important  in  the  present  years  because  of 
the  sunspot  maximum  with  a  higher  probability  of  solar 
activity  and  magnetic  storms  at  the  earth's  surface. 
However,  remarkable  space  weather  and  GIC  events  are 
possible  at  any  time  during  the  eleven-year  solar  cycle. 

GICs  are  driven  in  a  network  by  the  electric  field 
accompanying  a  geomagnetic  variation  at  the  earth’s 
surface.  Both  the  electric  and  the  magnetic  fields  are 
primarily  caused  by  a  magnetospheric-ionospheric 
current  distribution  and  secondarily  affected  by  currents 
induced  in  the  earth.  Thus,  the  calculation  of  the  fields 
requires  a  space  and  geophysical  model  and  leads  to 
complicated  formulas,  which  are  exact  but  unpractical 
for  applications  [15].  An  important  aim  of  today’s  space 
weather  and  GIC  research  is  the  development  of 
forecasting  and  warning  methods,  and  then  all 
computations  should  be  fast.  The  complex  image 
method  (CIM)  provides  an  appropriate  technique  since 
it  permits  accurate  and  fast  calculations  of  the  electric 
and  magnetic  fields. 

After  knowing  the  electric  field,  the  determination 
of  GIC  is  straightforward  using  a  matrix  formalism  for  a 
discretely-earthed  power  grid  [16],  and  the  distributed- 
source  transmission  line  (DSTL)  theory  for  a 
continuously-earthed  buried  pipeline  [17]. 

4.2.  Calculation  of  the  electric  field 

The  horizontal  electric  field  occurring  at  the  earth’s 
surface  during  a  geomagnetic  storm  is  the  key  quantity 
for  GIC  in  a  technological  network  at  the  earth's  surface. 
A  calculation  of  the  field  requires  a  model  of  the 
currents  in  the  magnetosphere  and  ionosphere  and  of  the 
earth’s  conductivity  distribution.  Formulas  expressing 
the  electric  and  magnetic  fields  at  the  surface  of  a 
layered  earth  produced  by  a  general  three-dimensional 
magnetospheric-ionospheric  current  system  are  derived 
in  [15].  Although  possible,  the  computations  arc 
laborious  and  time-consuming  in  practice,  and  therefore 
they  are  not  applicable  to  GIC  forecasting  or  warning 
purposes,  which  would  be  based  on  satellite 
observations  of  charged  particles  emitted  by  the  Sun. 
This  difficulty  can  be  avoided  by  using  CIM  for 
determining  the  electric  and  magnetic  fields  at  the 
earth’s  surface  [18]. 

CIM  was  developed  in  connection  with  radio 
engineering  research  about  thirty  years  ago  [19].  It  was 


introduced  in  earth  electromagnetic  induction  studies  in 
the  1970's  [20].  Not  until  recently,  CIM  has  started  to 
become  a  standard  tool  in  GIC  studies. 

CIM  is  based  on  a  quantity  dependent  on  the 
frequency  and  on  the  earth's  conductivity  structure  and 
called  the  complex  skin  depth.  In  CIM,  the  earth  is 
formally  replaced  by  a  perfect  conductor  at  this  depth. 
Then  it  is  possible  to  (mathematically)  express  the 
secondar>^  contribution  to  the  surface  fields  in  a  closed 
fonn  as  the  field  produced  by  the  mirror  image  of  the 
primary  source.  This  further  means  that  the  expressions 
of  the  surface  fields  become  convenient  for  fast 
numerical  computations.  CIM  has  been  shown  to  be 
very  accurate,  and  it  easily  allows  for  investigations  of 
any  complicated  ionospheric  current  distributions  with 
vertical  (geomagnetic-ficld-aligncd)  currents  coupling 
the  ionosphere  to  the  magnetosphere.  For  all  these 
reasons,  CIM  is  now  becoming  a  practical  technique  in 
association  with  investigations  of  space  weather  effects 
on  the  ground. 

4.3.  GIC  in  power  systems 

In  comparison  w'ith  the  50  or  60  FIz  frequency  used 
in  electric  power  transmission,  geomagnetic  variations 
arc  very  slow  having  frequencies  typically  in  the  mHz 
range.  Therefore  transfonners  experience  GIC  as  dc 
currents.  In  normal  operation  circumstances  of 
transformers,  the  relation  between  the  ac  exciting 
current  needed  to  provide  the  magnetic  flux  for  the 
voltage  transformation  and  the  voltage  is  linear  [21]. 
However,  the  presence  of  GIC  implies  that  the  operation 
is  no  more  linear  resulting  in  saturation  of  the  trans¬ 
former  during  one  half  of  the  ac  cycle  and  in  a  large  and 
distorted  exciting  current.  The  electricity  will  contain 
both  even  and  odd  hannonics,  which  can  cause  relaying 
problems, 

The  increased  exciting  current  also  results  in  reac¬ 
tive  power  losses  in  the  transfomner  leading  to  voltage 
drops  and  even  to  a  collapse  of  the  whole  system.  The 
saturation  also  affects  the  transformer  itself,  and 
overheating  may  occur  with  possible  permanent  damage 

The  most  famous  GIC  problem  occurred  in  the 
Flydro-Qucbec  power  system  during  a  large  magnetic 
storm  on  March  13,  1989,  at  2.45  a.m.  local  time  [22]. 
The  cascading  phenomena  resulted  in  the  loss  of  21500 
MW  of  energy,  and  the  time  between  the  onset  of  the 
magnetic  storm  and  the  collapse  of  the  network  was 
only  about  one  and  a  half  minutes.  After  nine  hours 
17  %  of  the  load  were  still  out  of  seiwice.  The  Mareh 
1989  storm  gave  rise  to  an  intensive  GIC  investigation 
in  the  Hydro-Quebec  system  and  corrective  measures 
against  GIC  have  been  taken  later. 

In  the  same  March  1989  storm,  a  transformer  was 
seriously  damaged  in  New  Jersey,  USA,  causing  a  cost 
of  several  million  US  dollars  together  with  replacement 
energy  costs  of  about  400  kUSD  per  day. 

4.4.  GIC  in  pipelines 

GlC-related  problems  in  pipelines  arise  from 
voltages  between  the  pipe  and  the  surrounding  soil.  The 
electrochemical  conditions  at  the  pipe-soil  interface  are 
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changed  by  voltage  fluctuations  leading  to  the 
possibility  of  corrosion  of  the  pipe  steel.  In  addition,  the 
voltages  interfere  with  corrosion  control  surveys,  in 
which  the  potential  between  the  pipe  and  the  soil  is 
monitored. 

To  prevent  corrosion,  the  pipeline  should  be  in  a 
small  negative  (~1  V)  potential  with  respect  to  the 
ground.  Such  a  voltage  is  maintained  by  a  cathodic 
protection  system.  During  a  geomagnetic  storm  pipe-to- 
soil  voltages  of  several  volts  have  been  observed,  thus 
clearly  exceeding  the  protection  voltage. 

Locations  near  inhomogeneities  of  a  pipeline,  like 
ends,  bends  and  branches,  are  prone  to  large  pipe-to-soil 
voltages.  Therefore  long  electrically  continuous  pipeline 
sections  are  preferable,  so  that  the  number  of  section 
ends  is  minimized.  On  the  other  hand,  the  voltages  at 
the  ends  of  a  long  section  are  larger  than  those 
corresponding  to  a  shorter  one.  Thus,  the  design  of  a 
pipeline  system  such  that  corrosion  problems  will  be 
avoided  is  an  optimizing  task  in  which  suitable 
compromises  should  be  found. 

5.  CONCLUSIONS 

Seismogenic  ULF  emissions  have  been  analyzed  by 
means  of  different  kinds  of  data  base.  An  additional 
convincing  evidence  was  obtained  for  a  large 
earthquake  at  Biak,  Indonesia  on  February  17,  1996  on 
the  basis  of  the  sophisticated  analysis  methods 
(polarization  and  fractal  analyses),  and  also  a  network 
of  ULF  observation  in  Japan  was  described. 

The  existence  of  slow  tail  sferics  has  been  known 
for  over  6  decades.  The  majority  of  these  are  well 
accounted  for  by  accepted  ‘normaT  lightning-stroke 
characteristics.  The  lower  ELF  band  transient  events 
have  been  the  subject  of  study  for  3  decades,  with 
greatly  increased  activity  in  the  past  10  years.  There 
continues  to  be  speculation  as  to  the  nature  of  the  source 
currents  which  produce  these  signals  which  are  so  large 
that,  for  a  time  interval  of  the  order  of  100  ms,  the 
electromagnetic  signature  dwarfs  that  of  the  whole 
global  lightning  distribution,  even  when  the  source 
is  10,000  or  more  kilometers  distant. 

The  1990s  have  seen  the  recognition  of  the  various 
high-altitude  luminous  phenomena  known  as  sprites, 
elves  and  blue  jets.  It  appears  that  these  are  produced 
exclusively  by  +CG  lightning  and  especially  (but  not 
exclusively)  above  mesoscale  convective  storm  systems. 
Recent  work  shows  that  both  in-sprite  currents  and 
continuing  currents  in  the  +CG  discharge  can  produce 
AMq  values  of  the  order  measured  experimentally.  It 
should  be  recalled,  however,  that  a  significant 
proportion  of  ELF  events  (and  most  slow  tails)  are 
generated  by  -CG  discharges.  The  negative  events 
involve  somewhat  lower  values  of  AMq  than  positive 
events,  but  in  the  --CG  case  no  sprites  are  generated. 

Space  weather  conditions  are  determined  by  the 
activity  of  the  Sun,  which  statistically  follows  the 
eleven-year  sunspot  cycle.  A  maximum  of  the  cycle  is 
taking  place  in  2000  making  space  weather  issues 
particularly  important  now.  Another  fact  emphasizing 


the  significance  of  space  weather  is  the  increasing 
dependence  of  people  on  reliable  technological  systems. 

At  the  earth’s  surface,  electric  power  transmission 
systems  may  experience  problems  due  to  space  weather. 
These  are  produced  by  saturation  of  transformers  caused 
by  geomagnetically  induced  currents  (GIC),  Oil  and  gas 
pipelines  can  suffer  from  problems  associated  with 
corrosion  due  to  voltages  created  by  space  weather.  GIC 
can  also  affect  phone  cables  and  railway  equipment. 
Observations  of  the  Sun  and  of  charged  particles 
emitted  by  the  Sun  provide  possibilities  of  forecasting 
space  weather  and  of  giving  early  warnings  of  large 
events.  To  predict  GIC  in  a  system,  it  is  necessary  to  be 
able  to  estimate  the  electric  field  occurring  at  the  earth's 
surface.  This  requires  an  accurate,  but  fast,  calculation 
method.  It  has  been  realized  recently  that  the  complex 
image  method  (CIM)  obviously  involves  a  good 
opportunity  in  this  respect. 
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A  joint  Session  E/F  on  Interference  in  Communication  was 
held  in  Toronto,  Canada  at  the  XXVI  General  Assembly  of  the 
URSI  in  September  1999. 

The  organizers  and  leading  conveners  of  the  session  were; 

Prof  Jacob  Gavan,  Head  of  Communication  Engi¬ 
neering  Department  at  the  Holon  Academic  Institute  of 
Technology,  Israel , 
and 

Dr.  Bertram  Arbesser-Rastburg  Head  of  Wave  Interaction 
and  Propagation  Section  at  the  European  Space  Agency 
ESTEC  Noordwijk  the  Netherlands.  Fax  No  31  71 
5654999.  After  well  planned  preparations,  cooperation 
and  the  efficient  support  of  Prof  Masashi  Hayakawa, 
Commission  E  Vice  Chairman,  we  organized  an  inter¬ 
esting  program  for  the  session. 


The  summary  of  the  E/F  session  targets  is: 

There  has  been  exponential  growth  of  Radio  Mobile  Systems 
equipment  and  users  and  considerable  progress  in  the  desigi 
and  realization  of  Radio  equipments,  especially  receivers.  Tht 
effects  of  intra  and  inter  Mutual  interference  have  becomt 
more  important  tlian  the  internal,  man  made  and  atmospheric 
noise,  especially  for  frequency  bands  above  30MHz. 

Therefore  tlie  E/F  session  will  concentrate  on  deterministic 
and  empirical  investigations  on  terrestrial  and  space  propaga 
tion  effects  and  analysis  of  Linear  and  Non  Linear  Interference 
affecting  radio  systems,  especially  at  frequency  bands  o) 
cellular.  Personal  and  Satellite  systems.  This  session  will  alsc 
include  development  of  mitigation  methods  to  enhance  radic 
systems  performance  in  consideration  of  even  hostile  wireless 
media  propagation  conditions.” 

The  following  abstracts  for  the  session  are: 


CONTRIBUTION  ORAL  PAPERS 


Original 

Abstract 

EF.Ol 

PRESENTING  AUTHOR 
And  Country 
BLAUNSTEIN  N.SH 

Israel 

ABSTRACT  TITLE 

Co-channel  interference  prediction  for 
Different  microcell  urban  environments 

FULL  ADRESS 

Dept,  of  Electrical  and  Computer 
Engineering,  Ben-Gurion  - 
University  of  the  Negev,  P.O.Box 
653,  Beer  Sheva  84105,  ISRAEL  - 
Fax  :  972  7  6472  949, 

EF.02 

DINWIDDY,  SIMONE. 

The  Netherlands 

A  short  history  of  space  and  how  to  get 
through  free  of  interference 

ESA  (European  Space  Agency) 
ESTEC,  P.O.  Box  299  -  2200  AG  - 
Noodwijk,  The  Netherlands 

EF.03 

SMITH,  ERNEST  K. 

USA 

Interference  due  to  Sporadic  E  over  Japan 

University  of  Colorado,  Boulder 
Colorado,  80309-0425  -  USA- 

EF.04 

LOYKA,S.L. 

Switzerland  and  Ukraine 

Numerical  Simulation  of  Nonlinear  Inter¬ 
ference  in  Radio  Systems 

Swiss  Federal  Institute  of 
Technology  -  LEMA-EPFL- 
Ecublens,  CH-101 5  Lausanne, 
Switzerland  -  Fax  :  +4 1 .2 1 .6932673 

EF.05 

GAVAN  JACOB 

ISRAEL 

Nowadays  Cosited  Radio  Systems  Inter¬ 
ference  Effects: 

Analysis,  Computation  and  Mitigation 
Techniques 

Holon  Institute  of  Technology,  Arts 
and  Sciences,  Head  of 
Communication  Engineeering 
Department  -  52  Golomb  St.  POB 
305,  Holon  58102,  Israel - 

EF.06 

AL-NUAIMI,  M.O. 

UK 

Site  Shielding  -  An  Effective  Interference 
Control  Tool  - 

School  of  Electronics,  University  of 
Glamorgan  -  Pontypridd,  CF37 IDL, 

■  United  Kingdom  -  Tel :  +44  (0) 

1443  482524,  Fax :  +44  (0)  1443 
482541, 
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Original  PRESENTING  AUTHOR 
Abstract  And  Country 

EF.07  PEREZ  REINALDO 
USA 


ABSTRACT  TITLE  FULL  ADRESS 

A  Major  Tlireat  to  Satellites  Radio  Jet  Propulsion  Laboratory  California 
Systems  in  Low  Earth  Orbit  Institute  of  Technology  -  Pasadena, 

California  -  Fax  3039714306 


The  Authors  presented  their  abstracts  on  Interference  in  Com¬ 
munication  and  all  the  participants  found  tliem  most  inter¬ 
esting.  Unfortunately,  we  were  unable  to  grant  a  scholarship  to 
Dr.  Loyka  SC  -  Hence  he  don’t  attend  the  conference.  So  we 
decided  to  prolong  the  time  of  presentation  of  our  remaining 


six  presentations.  The  full  abstracts  can  be  foimd  in  the  URSI 
Toronto  XX  Ve  General  Assembly  Book  of  Abstracts  1999  pp 
718-721. 

The  following  abstracts  were  chosen  for  poster  presentations. 


E/F  -  Interference  in  Communication  (1) 
Original  PRESENTING  AUTHOR 
Abstract  and  Country 

PI  HRYTSKIV,  Z.D. 

UKRAINE 


EF.P2  DAI,  JIN  F. 
CHINA 


EF.P3  LIU,  YUAN-AN 
CHINA 


CONTRIBUTION  (POSTER)  PAPERS 

ABSTRACT  TITLE 

Impulse  Noise  Influence  on  Image 
Transmission  in  Telecommunication 
System  -  EA 


FU1.L  ADRESS 

State  University  “Lvivska 
Polytechnika” 

12  S.  Bandery  St.,  Lviv,  290646, 
Ukraine 

Tel:  0322  398519  -Fax:0322 
744300, 


The  Model  of  Anti-Interfere  Performance 
Evaluation  for  the  Electric  Information 
System  (EIS) 

EA 

Electromagnetic  Hazard  and  Correlated 
EMI  from  Local  Radiating  Sources  and 
the  Related  EMC  Problems  -  EA  - 


A  statistical  Approach  to  Modelling 
Electromagnetic  Field  Coupling 
E7 


Nanjing  Research  Institute  of 
Electrical  Engineering  P.O.B,  1406- 
52-210014  Nanjing  China  -  Tel 
:0254433457  -  Fax:025-4433457, 

Liu  Yuan  An  Fob  171, 
Telecommunication  Engineering 
School  Beijing  University  of  Posts 
and  Telecommunications  Beijing 
100088,  P.R.  CHINA -Tel: 
(10)6228-1027,  Fax  :  (10)  6228- 
1774, 

The  University  of  Western  Ontario 
London,  Ontario,  N6A  5B9,  Canada 
Tel:  1-519-679-2111  ext. 8355  - 
Fax:  1-519-661-34-88, 


EF.P4  PRIMAK,  SERGUEI 
CANADA 


EF.P5  GUERRERO,  DURAND 

CANADA 


EF.P6  PAWALEC,  J.J. 
POLAND 


Perfonnance  Analysis  of  Turbo  Codes 
Connnunication  Channel  with  Fading 
E4 


Interference  Rejection  Using  Adaptive 
Lattice  Filters  -  E4 


Advanced  Commimications  Engi¬ 
neering  Center  -  Dept,  of  Electrical 
and  Computer  Engineering  -  'The 
University  of  Western  Ontario, 
London,  Ontario,  N6a  5B9,  Canada 
primak@gauss.enga.uwo.  ca 

Radom  University  of  Teclmology 
Frcta  14/2,  00-227  Warzawa, 

Poland,  tel/fax  48-226358913, 


These  abstracts  can  also  be  found  in  the  (abstract  book)URSI 
XXVI  Toronto  General  Assembly  abstract  book. 

After  the  conference  I  gave  several  seminars  and  lectures  in 
the  USA  (Qualconun-  San  Diep,  ITU  Palo-Alto  and  Monte¬ 
rey  at  the  International  Symposium  on  Infrared  and  Millimeter 
waves  where  I  entitled  presented  two  papers  entitled  “Multi- 
mode  LADAR/RADAR  and  Transponder  Systems  for  track¬ 
ing  remote  cooperative  targets”  and  “Hypothesis  of  Natural 
RADAR  DETECTION  AND  Navigation  Guiding  Hornets 
Flight”,)  and  also  in  Israel.  The  last  two  conference  papers 
deal  wiA  pioneers  frequency  ranges  were  mutual  interference 
are  still  negligible  and  the  main  limitations  to  the  RADAR  and 
communications  links  are  cluttering,  scattering  and  absorption 
losses.  Extension  of  these  two  conference  papers  where 


accepted  at  the  International  Journal  of  Infrared  and  Milli¬ 
meter  Waves.  The  Hornet  paper  was  published  in  the  Febmaiy 
2000  edition  and  the  LADAR/RADAR  a  few  months  later. 
A  second  paper  was  published  on  the  fascinating  hypothesis 
that  hornets  own  a  sophisticated  detection  and  tracking  system 
similar  to  the  bats,  but  more  sophisticated  and  accurate. 

S.  Ishav.  J.  Gavan 

“Hypothesis  Stipulating  that  a  Natural  RADAR 
Navigation  of  Systems  Guides  Hornet  Flight” 

Journal  of  Electromagnetic  Waves  and 
Applications 

Vol .  1 3,  October  1 999  (pp.  1 6 1 1  - 1 625 ) 

Cambridge,  U.S.A. 
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J.  Gavan,  J.S.  Ishav 

“Hypothesis  of  Natural  Radar  Detection 
and  Navigation  Guiding  Hornets  Flight” 

February  2000 

I  calculated  that  the  operation  of  the  Radar  submiilimeter 
system  is  limited  to  a  distance  of  70  meters  due  only  to  the 
high  dispersion  and  atmospheric  attenuation.  Recently, 
together  with  a  PHD  student  of  Prof  J.S.  Ishay,  we  discovered 
that  the  hornets  antennas  also  have  electrical  energy  and  sub- 
millimetric  wavelength  antenna  arrays.  Thus  the  hornets  oAvn 
three  receiving  transmitting  radiation  sources  which  enable  a 
Direction  Finder  Communication  system  up  to  a  range  of  a 
few  kms.  (Paper  in  preparation  for  PIERS  2000).  In  tlie  near 
future  we  intend  proving  these  hypothesi  by  innovative 
detectors  in  the  sub-millimeter  waves  (THz  frequency  ranges). 

On  the  15^  February  2000,  the  Israeli  National  Committee  for 
URSI  organized  the  4*  Annual  Symposium  at  the  Campus  of 
Tel-Aviv  University  of  In  the  morning  the  following  lectures 
were  presented: 

Professor  John  Me  Coy,  Catholic  University,  Washington, 
DC:  Accommodating  Complexity  in  Propagation  and  Scatter¬ 
ing  (45  minutes) 
and : 

Dr.  Joseph  Shapira,  Vice  President,  URSI  Int’l;  President, 
Celletra  Ltd:  Radio  Optimization  of  Cellular  Networks  (45 
minutes)and  Dr.  Noah  Brosh  on  Radio  Astronomy  in  Israel  : 
Yes  or  No?  (15  minutes. 

In  the  afternoon,  (6  sessions  were  opened  in  parallel:  Com¬ 
mission  A  organised  and  chaired  by  Dr.  Jacob  Halevi  on 
Electromagnetic  Metrology;  Commission  B  on  Fields  and 
Waves  organized  and  chaired  by  Prof  R.  Kastner  and  Dr.  A 
Boag;  Commission  C  organized  and  chaired  by  Prof  S. 
Shamai  and  S.  Litsin.  Commision  D  on  Electronics  and  Pho¬ 
tonics  organized  and  chaired  by  Prof  Y.  Nemirovsky; 
Commission  J  on  Radio  Astronomy  organized  and  chaired  by 
Dr.  N.Brosh  and  Commission  E  organized  and  chaired  by 
Prof  J.  Gavan.  The  lectures  presented  in  our  Commission  E 
session  on  “Electromagnetics  Noise  and  hiterference”  were  as 
follows: 

Electromagnetic  Noise  and  Interference  :  Commission  E 
Prof  Nathan  Blaunstein,  Ben  Gurion  University: 
‘Parameters  affecting  interference  in  a  cellular  radio 
urban  propagation  environment. " 

Prof  Jacob  Gavan,  Holon  Academic  Institute  of  Techno¬ 
logy: 

"Analysis  and  mitigation  methods  for  collocated  radio 
systems  interference  and  radiation  effects.  " 

Dr.  Moshe  Rousseau,  RAFAEL: 

"Do  electromagnetic  system  failure  result  from  conducted 
or  from  radiated  emissions?  This  is  the  Question, " 

Dr.  Alexander  Axelrod,  EMC  consultant: 

"New  mechanisms  of  conducted  emission  in  electrical 
power  lines.  ” 

Dr.  Vladimir  Liandres,  Ben-Gurion  University: 

"Algorithm  of  frequency  assignment  in  cellular  communi¬ 
cation  to  reduce  interference. " 

Dr.  Haim  Matsner,  Holon  Academic  Institute  of  Techno¬ 
logy: 

"Analysis  and  computation  of  EMI  leakage  interference 
from  waveguide  connections. " 

There  were  only  about  1 5  to  20  participants,  due  to  the  compe¬ 
tition  between  parallel  sessions  However  the  lectures  were 
followed  by  very  animated  and  useflil  discussions.  The  time 
allocated  to  each  speaker  was  more  than  30  minutes  due  to 
the  absence  of  Dr.  Moshe  Rousseau  who  was  ill  Four  of  tlie 
five  presented  lectures  dealt  with  the  interference  above 


30MHz  which  is  the  subject  of  Work  Group  E9.  The  first 
lecture  was  on  cellular  system  frequency  bands  which  one  of 
the  most  expanding  fields  in  telecommunications.  One  lecture 
deals  with  collocation  radio  systems  interference  with  empha¬ 
sis  high  power  HF,  UHF  and  UHF  radio  systems,  which  in 
some  cases  can  also  occur  for  cellular  systems.  The  subject  of 
tliis  lecture  was  an  improved  extended  version  of  the  paper  I 
gave  at  the  URSI  General  Assembly  in  September  1999  in 
Toronto  (mentioned  earlier  before  and  whose  summary  is 
presented  here).  One  lecture  dealt  with  the  interference  in 
Microwaves  systems  only.  Dr.  A.  Axelrod  presented  his 
lecture  on  quite  a  different  subject  but  strongly  related  to 
EMC.  “Conducted  emission  in  electronic  power  lines,  some  of 
the  questions  rassed  were  about  the  radiation  of  power  lines, 
especially  due  to  the  new  trend  to  use  them  for  Internet 
transmission  even  for  long  distances.  Thus,  high  frequency 
bands  are  requied  on  the  power  lines  which  causes  radiation  to 
occur. 

Analysis  and  Mitigation  Methods  for  collocated 
Radio  Systems  Interference  and  Radiation  effects: 

Summary 

Nowadays  interference  and  radiation  effects  from  radio  sys¬ 
tems  especially  for  collocated  transmitters  (Tx)  and  receiver 
(Rx)  have  become  very  common  and  complex  and  have  to  be 
treated  more  seriously. 

This  is  due  to  the  tremendous  growth  in  the  number  of  wire¬ 
less  users  and  equipment  and  the  necessity  for  coexistence  of 
Tx  and  Rx  on  the  same  site,  where  mutual  interference  effects 
are  significantly  more  harmful  than  natural,  transceiver 
internal  and  industrial  noise. 

In  radio  systems,  tlie  output  power  of  the  Tx  has  to  be  high 
enough  to  provide  sufficient  desired  signals  even  at  long 
distances  remote  Rx.  This  also  applies  to  cases  of  multipaths 
plus  shadowing  in  realistic  worst  case  propagation  conditions, 
where  non  favorable  Raleigh  and  Log  Normal  statistical 
distributions  are  the  rule,  especially  for  ground  mobile  com¬ 
munication.  However,  the  Tx  desired  signal  for  suitable  Rx 
become  interference  for  all  other  users  of  the  radio  spectrum. 
Therefore,  optimization  of  the  Tx  output  power  is  useful 
especially  for  collocated  equipments.  Nowadays,  improve¬ 
ments  are  achieved  partially  in  radio  systems  by  using  the 
following  Digital  Signal  Processing  (DSP)  techniques:  Auto¬ 
matic  power  control,  dynamic  channel  frequency  assignment, 
especially  for  reducing  adjacent  channel  interference  and 
smart  antennas  adaptive  arrays.  This  will  provide  a  reduction 
in  interference  by  optimized  space  filtering  and  maximal 
signal  to  interference  ratio  to  the  desired  mobile  Rx  or  headset 
in  case  of  cellular  paging  and  Personal  Communication  Sys¬ 
tems  (PCS). 

The  collocated  Tx  interference  are  usually  non  linear  affecting 
victim  Rx,  especially  by  blocking,  broadband  desensitization 
or  spot  frequency  intermodulation  (IM).  Collocated  Tx  and  Rx 
parameters  simulation  computation  tools  are  required  to  esti¬ 
mate  the  Rx  interference  power  levels  under  realistic  worst 
case  conditions,  taking  into  account  the  positions  and  dis¬ 
tances  between  the  respective  antennas  including  near  field 
propagation  scenarios.  Most  useful  mitigation  techniques  will 
be  presented  to  reduce  harmful  interference  from  the  adaptive 
frequency  selective  filters,  attenuators  partial  spatial  shielding 
to  tlie  mentioned  DSP  solutions  and  efficient  amplifier  lineari¬ 
zation  methods  up  to  complex  electronic  interference  cancella¬ 
tion  sub-systems.  In  the  case  of  several  cosited  radio  equip¬ 
ments  operating  simultaneously,  a  second  (Computation) 
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simulation  interaction  is  required  using  the  Monte-Carlo 
statistical  method 

Analysis  and  methods  of  protection  will  also  be  presented 
against  tlireats  of  radiation  hazards  to  site  operators  and  hand¬ 
phone  users  in  function  of  Tx  effective  radiation  power  and 
separation  distances.  This  is  important  owing  to  the  excess 
field  and  power  levels  which  are  present  in  the  case  of  severe 
desensitization  and  blocking  of  victim  Rx.  The  users  or 
operators  standing  in  close  proximity  to  the  near  field  zone  by 
can  also  become  victims,  due  to  the  exposure  to  the  radiation 
level  exceeding  even  the  thermal  limit  regulations. 

Main  References 

[1]  J.  Gavan,  ’’Nowadays  Cosited  Radio  Systems  Interference 
Effects:  Analysis,  Computation  and  Mitigation  Tech¬ 
niques"  Invited  Lecture  XXVI  Toronto  URSI  (General 
Assembly)  Abstracts  EFS  P720,  August  1 999 

[2  ]M.O.  A1  Nuaimi,  "Site  Shielding  -  An  effective  Inter¬ 
ference  Control  Tool"  Abstracts  EFS  P720,  August 
1999. 

[3]  J.  Gavan,  F.  Handler,  Analysis,  Computation  and  Mitiga¬ 
tion  of  the  Interference  to  a  Remote  Receiver  from  Two 
Collocated  Vehicular  Transceivers,  IEEE  Transactions 
on  VT,  vol.  45,  no.  2,  pp.  431-442,  August  1996. 
Additional  Commision  E  Israeli  National  Activities 

Under  the  leadership  of  Elya  B.  Joffe  we  are  preparing  the 
IEEE  EMC  Society  2003  International  Symposium  which  will 
beheld  in  Israel. 

At  the  27  of  January  2000  we  organized  with  tlie  national 
IEEE  EMC  section  a  symposium  on  Grounding,  Sliielding  and 
Radiation  at  the  Holon  Academic  Institute  of  Technology. 
This  symposium  included  the  visit  and  operation  of  a  new 
anachoid  chamber  part  of  an  extended  Antenna  Laboratory  for 
BSc  level  students  of  the  Communication  Engineering  Depart¬ 
ment  and  for  the  staff  research.  This  chamber  will  be  extended 
and  serve  us  also  for  EMC  measurements  in  the  forth  coming 
EMC  laboratory  which  will  be  designed  next  year.  In  spite  of 
a  stormy  weather  and  heavy  rains  about  80  participants  were 
present  at  the  symposium  and  more  than  one  hundred  at  the 
chamber  visit. 


Coming  Scientific  Activities 

I  am  preparing  with  a  few  colleagues,  included  Prof  N.  Blaun- 
stein,  research  tasks  and  papers  on  interference  in  urban  and 
indoor  situations,  Blue  tooth  and  Radio  Frequency  Identifi¬ 
cation  systems  for  short  ranges  and  long  distance  scenarios, 
radiation  effects  from  headsets  and  other  collocated  Tx  and  tine 
novel  hypothesis  of  a  sophisticated  Hornets  RADAR  and 
Communication  tracking  and  Direction  Finding  (DF)systems. 
I  am  presenting  two  papers  on  “Hypothesis  of  Natural  Radar 
Tracking  and  Communication  Direction  Finding  Systems 
Affecting  Hornets  Flight”  at  the  Israeli  IEEE  Conference  in 
Tel-Aviv,  April  2000  and  at  the  ProgrCvSs  in  Electromagneting 
Research  Symposium  (PIERS)  at  Cambridge  US,  July  2000. 
This  summer  I  intent  also  to  participate  to  the  Annual  Virginia 
Tech  Symposium  on  wireless  Personal  Conununi cation  and  to 
the  IEEE  Int.  Conference  on  communication  in  New  Orleans 
this  June.  I  shall  also  present  seminars  at  the  Toronto  and 
Mexico  Universities  on  interference  problems. 

During  a  sabbatical  year  which  will  begin  in  October  2000  I 
intent  to  collaborate  wdth  Dr.  Arbesser-Rastburg  and  other 
well  known  scientists  to  prepare  sessions  for  the  URSI  general 
Assembly  in  2002.  It  is  also  included  a  participation  as 
Convener  to  the  session  on  EMC  in  communication  in  the 
2001  Asia  Pacific  Radio  Science  conference  at  Tokyo,  where  I 
hope  to  initiate  also  useful  contributions  for  the  comingURSI 
General  Assembly. 
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Phone:  +49  7082  794-0,  Fax:  +49  7082  794-2  00, 
e-mail:  info@schroff.de 

TECHTRONIC 

Grabiszynska  85,  PL-53-503  Wroctaw,  Poland 
Phone:  +48  71  342  5856,  Fax:  +48  71  342  0264, 
e-mail:  tom@techtronic.com.pl 

TEKTRONIX  POLSKA  Sp.  z  o.o. 

Pulawska  15,  PL-02-515  Warsaw,  Poland 
Phone:  +48  22  521  53  40,  Fax:  +48  22  521  53  41, 
e-mail:  measurement.poland@tektronix.com 

UNITRONEX  POLAND  Sp.  z  o.o. 

Grzybowska  87,  PL-00-844  Warsaw,  Poland 
Phone:  +48  22  631  26  43,  Fax:  +48  22  632  75  59, 
e-mail:  uwo@unitronex.com 


# 


Telekomunikacja  Polska  S.A.  enables  you  to  make  any  call  you  want. 
Reliability,  experience,  advanced  technology  and  expertise 
are  the  cornerstones  of  our  growing  success. 
And  as  we  enter  the  21st  century,  its  demands  are  not  a  mystery  to  us. 

We  have  a  digital  network  with  fully  integrated  services. 
A  satellite  communications  system.  Secure  electronic  mail. 
A  data  transmission  network.  An  Internet  link  with  the  entire  world. 
We  have  all  that  assures  a  constant,  fast,  and  reliable  flow  of  information. 
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M.Pietranik@il.wroc.pl 

;  EMC  measurements 
^  according  to  iEC-61 000-4- 
'  -2/3/4/5/6/11, 

;  EN-55011/13/14/20/22. 
ISO-7637  standards 

1  Expert  opinions, 

1  measurements  in  situ,  advice 
i  on  compliance  with  EMC 
!  Directive  (89/336/EEC) 

i  Advice  on,  and  organisation 
I  of  measurement  set-ups,  test 
I  equipment  completion, 

I  Design  and  delivery  of 
I  specialised  measuring 
?  equipment, 

I  Development  of  software  for 
j  automatic  EMC 
I  measurements 

;  Verification  of  parameters  of 
;  EMC  test  equipment  used  for 
emission  measurements; 
special  laboratory  certified  b 
the  Polish  Central  House  of 
Measures  (GUM) 


W.Sega@il.wroc.pl 

I  Many  years'  experience  in 
I  radio  network  planning  and 
I  development  of  frequency 
I  management  support 
I  systems  for  government  and 
5  private  sector 

1  Turn-key  systems  containing 
■j  all  you  need  to  solve  your 
I  frequency  management 
J  problems 

j  Creation  of  planning  tools, 
j  propagation  models,  and 
i:  digital  terrain  models 

J  Seminars  in  network 
j  planning,  network 
'  optimization,  spectrum 
^  engineering,  and  spectrum 
:  management 

Evaluation  of  trends  in 
spectrum  management 

i.  Strategic  spectrum  planning 
i  (evaluation  of  spectrum 
^  requirements  and  availability, 
1  and  spectrum  allocation 
;  plans) 

■  Studies  on  strategy  for 
!  introducing  the  new 
.  radiocommuniaction  services 


M.Kaluski@il.wroc.pl 

I  Spectrum  monitoring  systems 
i  in  frequency  range  0,1  MHz 
I  to  3  GHz.  Design,  turn-key 
I  delivery,  installation,  service 

j  EM  fields  measurements  in 
'  the  frequency  range  0,1  MHz 
i  to  5  GHz 

j  Hazardous  EM  fields 
I  measurements  in  the 
I  frequency  range  0,1  MHz 
i  to  6  GHz 

I  Computer  modeling  for  the 
1  EM  fields  evaluation 

f  Antenna  and  antenna 
i  systems  design,  and 
I  parameters  measurements 

;  Antenna  measurements  for 
{  certification  and  technical 
i  approval 

li  Adaptive  antennas  design 
{  and  consulting,  high 
I  frequency  digital  signal 
I  processing  using  DSP 


